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1 Introduction
In [1], some consensus has been reached on the aspects of coordinated multipoint (CoMP) transmission/reception. To be specific, the downlink coordinated multipoint transmission is mainly characterized into two classes:

· Coordinated scheduling and/or beam-forming

· Joint processing / transmission

In the class of coordinated scheduling and/or beam-forming, “data to single user equipment (UE) is instantaneously transmitted from one of the transmission points while the scheduling decisions are coordinated to control the interference generated in a set of coordinated cells”. In other words, the data intended for a particular UE is not shared while some information related to the channels are shared among different cells. The operation modes: (1-1), (2-1), and (3-1) described in [2] mainly fall within this class. Among the technologies in this category, semi-static inter-cell interference coordination, PMI coordination, and coordinated beam-forming (CA-BF) [2] seem as promising techniques. 
On the other hand, in the class of joint processing/transmission, “data to single UE is simultaneously transmitted from multiple transmission points to improve the received signal quality and/or cancel actively interference for other UEs”. In this case, data intended for a particular UE is shared among different cells and is jointly processed at these cells. As a result of this joint processing, the received signals at the intended UE will be coherently or non-coherently added up together. In [3], a nice classification of the CoMP transmission has been presented. To be specific, two modes of operation are introduced within the joint processing category, that is, CoMP can serve a single UE in the CoMP-SU-MIMO mode, or CoMP can serve multiple UEs simultaneously in the CoMP-MU-MIMO. 
In [4], cost and gain related to the CoMP SU-MIMO mode are discussed. To be specific, the hidden cost of the CoMP SU-MIMO mode is analyzed and the CoMP SU-MIMO mode is found only beneficial to the cell-edge users where the perceived Signal to Interference and Noise Ratio (SINR) is low. This is because more system resource (degrees of freedom) is allocated to a particular UE during the CoMP SU-MIMO mode. System level simulation is performed and results suggest that CoMP SU-MIMO can be used to increase both the average cell throughput and the cell-edge user throughput.

In this contribution, we try to discuss variation of the CoMP SU-MIMO system in [4] to further improve the system throughput and to better utilize the system resource. 

2 Variations of CoMP SU-MIMO
2.1 Fixed Serving Set CoMP SU-MIMO
In this section, we try to capture the main benefits of the CoMP SU-MIMO operation mode. In CoMP SU-MIMO, a UE is typically served by a cluster of cells. An exemplary system model can be described in Fig. 1.
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Figure 1: System Model for CoMP-SU-MIMO

In Fig.1, UE 1 is receiving signals from a cluster of three cells: Cell 1, Cell 2, and Cell 3. The cluster of the cells forming CoMP cluster can be determined either by the network, the UE [5] or adaptive between UE and network [6]. Assume 
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 is the channel gain from Cell i to UE 1, then the received signal 
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 at UE 1 can be expressed as
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where 
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 is the message transmitted at Cell i, 
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 is the recoding matrix at Cell i, and 
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 is the additive white Gaussian noise (AWGN). If each cell is serving to his/her own UE, the Signal to Interference-plus-Noise Ratio (SINR) for UE 1 can be expressed as 
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where 
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 is the transmitted power, and 
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 is the noise power. 

For the system under CoMP-SU-MIMO, assume that Cell 1, Cell 2 and Cell 3 are forming a CoMP cluster (see network-centric clustering in [4]). UE 1 is then being simultaneously served by all the three cells belonging to the cluster. Under this situation, we have
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. Accordingly, the received signal at UE 1 can be expressed as
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Therefore, for CoMP-SU-MIMO, the SINR of UE 1 can be computed as
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It is observed in Property 1 of [4] that the CoMP SU-MIMO will bring gains to the system only when the pre-CoMP SINR value is below a certain threshold. This is because when computing 
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three UEs (each cell is performing SU-MIMO) are being served while 
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 is computed under the assumption that only one UE is served within the cluster.  This fact reveals the hidden cost of the CoMP SU-MIMO mode and suggests us to use CoMP SU-MIMO mode much more wisely. By focusing on the UEs with low geometry, we observed Property 2 in [4] which shows that the CoMP SU-MIMO can actually improve both average cell throughput and cell-edge user throughput if we choose to use it wisely. 
Based on these two properties, we realize that cell-center UEs and cell-edge UEs should be treated differently and a CoMP frequency zone is introduced as a possible candidate to perform CoMP SU-MIMO operation within the cluster for the cell-edge UEs. The division of the system bandwidth can be illustrated in Fig. 2.
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Figure 2: Possible Frequency Allocation of CoMP-SU-MIMO
The main procedures of the introduced CoMP SU-MIMO mode in [4] can be summarized as follows: 
1. A UE is determined to be served with CoMP SU-MIMO mode or not depending its pre-CoMP SINR. 
2. Once a UE is determined to be served with CoMP SU-MIMO mode, the UE will be scheduled to a pre-configured frequency zone jointly scheduled with other CoMP SU-MIMO UEs.

3. Once a UE is scheduled to be served as CoMP SU-MIMO, all the cells within the cluster will serve the UE simultaneously.  
2.2 Flexible Serving Set CoMP SU-MIMO

In the CoMP SU-MIMO mode described in [4], the CoMP SU-MIMO system is served in a fixed fashion. That is, the cells within the cluster will serve the target UE simultaneously. However, forcing all the cells within the cluster to serve a single UE may lead to bad utilization of the system resource and reduce the system throughput. To be specific, the chance of having the received signal strengths from all the serving cells are similar is really small. With high probability, only two cells have same order of the received signal strength to the target UE. 
For example, for the system described in Fig. 1, with high chance only Cell 1 and Cell 2 have comparable received signal strength to UE 1. The received signal strength from Cell 3 to UE 1 is significantly smaller than those from Cell 1 and Cell 2. This typical scenario of CoMP SU-MIMO system is described in Figure 3.
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Figure 3: Typical Scenario of CoMP SU-MIMO

In Fig. 3, red links stand for a relatively strong link to the target UE while the black link stands for a relatively weak link to the target UE. In other words, 
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In this case, forcing Cell 3 to send signals to UE 1 will lead to poor utilization of the system resource. This effect is essentially the same as that for the cell-center UE where the additional help from the interfering cell will not have too much benefit while causing a hidden cost of degrees of freedom. In a way, UE 1 is a “cell-center” UE while the “cell-center” means the center of “super cell” of Cell 1 and Cell 2. 
Even though we can partially overcome the above mentioned problem by changing the size and the elements of a CoMP cluster, it is much easier to allow flexible scheduling of the actual transmitting cells within a CoMP cluster. Furthermore, the cluster setup may happen statistically or semi-statistically and the change of this configuration will affect all the UEs within the system.  If we allow flexible scheduling of the actual transmitting cells within the cluster, we can have more freedom to operate and the decisions of actual transmitting cells will only affect the UEs within the CoMP cluster. 

In all, we should enable the ability of allowing a subset of the cells within a CoMP cluster to serve a target CoMP SU-MIMO user.  Under this mechanism, in Fig. 3, the additional degrees of freedom from Cell 3 can be saved and results in a throughput gain without causing a hit on the throughput of UE 1. The illustration of the system can be shown in Fig. 4. 
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Figure 4: Flexible Scheduling of CoMP SU-MIMO
In Fig. 4, Cell 3 is serving UE 2 while Cell 1 and Cell 2 are serving UE 1 even though the CoMP cluster includes Cell 1, Cell 2 and Cell 3. Note that due to the fact of equation (3), the interference caused by Cell 3 at UE 1 will not cause much throughput degradation of UE 1. In this way, better spectral utilization will be achieved. 
3 CoMP-SU-MIMO System Level Simulation

3.1 Simulation Setup
In this section, we perform system level simulation for the fixed serving set CoMP SU-MIMO system. The performance of flexible serving set CoMP SU-MIMO is lower-bounded by that of the fixed set one.
A cell-cluster is comprised of three adjacent cells. This cell-cluster can be viewed as the basic unit of the CoMP-SU-MIMO system where the cell-edge UEs within each cluster are jointly processed by the three cells. Examples of the cell-cluster depending on different antenna orientations are shown in Fig. 3.   
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Figure 3: Cell-cluster models depends on different antenna orientations (Mode A Vs Mode B)
As discussed in Section 2, CoMP-SU-MIMO operation is especially beneficial for cell-edge UEs while may be harmful for cell-center UEs. Therefore, the total bandwidth used in the cell-cluster is divided into two parts as shown in Fig. 2. The CoMP frequency zone is used for the cell-edge UEs while the rest of the bandwidth is used for cell-center UEs. For the cell-edge UEs, three cells are jointly transmitting data to the target UE while for the cell-center UEs, only one of the cell is transmitting data to the target UE. 
The differentiation between cell-edge UE and the cell-center UE can be made based on the received SINR at the UE. For example, a threshold on the received SINR can be used to define cell-edge UE. That is, a UE is a cell-edge UE if and only if
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where 
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 is a predetermined threshold. Accordingly, the partition between the two frequency sets can be based on the geometry together with the SINR threshold 
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System level simulation assumptions are listed as follows:

· 2 tiers of 57 sectors are assumed in the system

· 4 Tx at eNBs and 2 Rx at UEs

· SINR threshold 
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· 10 MHz system bandwidth with 15 KHz carrier (600 carriers)

· Bandwidth splitting: 432 carriers Vs 168 carriers (total 600 carriers)
· CQI report interval and granularity [5]: time interval: every 5 ms, with 2 ms delay
Proportional fairness algorithm is used at each of the frequency bands and standard LTE codebook is also used at each cell. For the case of CoMP-SU-MIMO operation mode for cell-edge UEs, each cell will use the precoding matrix to maximize its own received signal strength. That is, for the system described in equation (2), 
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 is matched to the channel matrix 
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only. Note that the ranks of the transmission from the three cells are the same. The simulation results for the average sector throughput together with the 5-% sector throughput are shown in Table 1. The results are compared with the base line approach of single cell SU-MIMO operation. 
Table 1: System Level Simulation Results for CoMP-SU-MIMO
	Single-Cell SU-MIMO (Model B)
	CoMP-SU-MIMO (Model B)

	Sector Throughput
	5-% Throughput
	Sector Throughput
	5-% Throughput

	1.4424 bps/Hz
	0.063 bps/Hz
	1.7720 bps/Hz
	0.083 bps/Hz


The improvement in average sector throughput can be as large as 20% while the improvement in 5-% sector throughput can be as large as 30%. These results can be viewed more clearly through CDF figures of user throughput.
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Figure 4: 5-% sector throughput comparison of Single-cell SU-MIMO and CoMP-SU-MIMO

3.2 Observation and Challenges
From Table 1, it can be seen that for 4 by 2 MIMO systems, CoMP SU-MIMO can bring gains to both the average sector throughput and the 5-% throughput. However, it seems that CoMP SU-MIMO is more beneficial for improving the 5-% sector throughput. Furthermore, the system performance of CoMP SU-MIMO depends highly on the SINR threshold 
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 and the partition between the bandwidth. Therefore, the performance can be optimized for these two system parameters.
Fixed serving set CoMP SU-MIMO suffers from throughput loss due to the lack of scheduling gain between cells even though it is easy to implement.  Flexible serving set system will have better utilization of the spectral bandwidth; however, some important challenges do exist in regarding this technology. Among all those challenges, scheduling algorithm becomes increasingly important. 
In the fixed serving set system, the frequency band is divided into different zones while proportional fairness can be implemented in each zone for different type of UEs. However, in the flexible serving cell CoMP SU-MIMO system, more sophisticated scheduling algorithms should be introduced to balance the throughput and fairness within the system. To be specific, since each UE will have different utilization of the degrees of freedom, previous version of the proportional fairness algorithm may not work. Furthermore, more scheduling restriction will happen.
4 Conclusion
Inter-cell interference management is crucial to achieve targets of IMT-Advanced on the cell-edge throughput. In this contribution, we analyze some enabling technologies in both classes of CoMP transmission schemes. It seems that CoMP operation will bring gains to average sector throughput as well as 5-% sector throughput. Furthermore, the gains in the 5-% sector throughput are significant.

Joint transmission of data seems to be promising as long as the inter-cell data sharing will not cause too much burden on the backhaul. For CoMP SU-MIMO operation mode, fixed serving set mode already shows us the potential of this technology if we can design the system smartly. For the flexible serving cell CoMP SU-MIMO, some challenges related to scheduling algorithms needed to be considered.
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