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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 this contribution, we are trying to take a deeper look at the CoMP joint transmission especially in the category of CoMP-SU-MIMO. Various pros and cons of the CoMP-SU-MIMO operation mode are discussed. Based on the pros and cons analysis, we investigate the performance of a simple CoMP-SU-MIMO system based on frequency segmentation and network-centric clustering.  The system level simulation results are obtained and the insights from the system level simulation together with the possible ways to further improve the system performance are also discussed.  

2 CoMP-SU-MIMO ---- Cost and Gain (no free lunch)
In this section, we try to analyze the cost and gain of the CoMP-SU-MIMO operation mode. A typical system model of CoMP-SU-MIMO is 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 the three cells: Cell 1, Cell 2, and Cell 3. 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 precoding 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 of message i at Cell i, 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 clear that SINR1 is always upper-bounded by SINR*1, and the CoMP-SU-MIMO will always bring a SINR gain compared to single-cell SU-MIMO. However, this gain is not free. Remember that the SINR1 is obtained under the assumption that each cell is serving his/her own UE while SINR*1 is obtained under the assumption that three cells are serving one UE. In this sense, for any UE operating in the CoMP-SU-MIMO mode, he/she is using more system resource than the single-cell SU-MIMO mode. This is actually one of the hidden costs of CoMP-SU-MIMO operation mode. The obvious costs of the CoMP-SU-MIMO are the overhead and the increase in backhaul traffic.
Taking this hidden cost in to account, it seems that it really does not worth to perform CoMP-SU-MIMO for cell-center UEs where the SINR values are high. The cost of system resource is high while the gain of SINR improvement is marginal. Based on this observation, we have the following property for CoMP-SU-MIMO:

Property 1: CoMP-SU-MIMO will not bring benefits to average sector throughput for cell-center UEs where SINR1 values are large. 

This property can actually be justified analytically using simple derivation based on throughput formula. Assume serving UEs for Cell 2 and Cell 3 has the similar SINRs as that of Cell 1. Then the total throughput for single-cell SU-MIMO is actually 
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 where the throughput for CoMP-SU-MIMO is 
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. Therefore, the throughput of CoMP-SU-MIMO will be greater than that of single-cell SU-MIMO (
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This property motivates us to focus on performing CoMP-SU-MIMO only for cell-edge UEs where 
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 values are relatively small. In order to perform different operations for cell-center UEs and the cell-edge UEs, several methods can be considered. One simple way is to create a coordinated multipoint frequency zone where all the cell-edge UEs belonging to a CoMP cluster are jointly scheduled using CoMP-SU-MIMO mode while the cell-center UEs are scheduled by individual cell. The division of the system bandwidth can be illustrated in Fig. 2.
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Fig. 2 Possible Frequency Allocation of CoMP-SU-MIMO
Under this framework, we have the following observations.
Property 2: CoMP-SU-MIMO will bring benefits to the average sector throughput together with 5% sector throughput for the cell-edge UEs where SINR1 values are small. 

This property can be seen most clearly for the case where the cell-edge UEs of a cluster has relatively similar strength of received power from the cells. In this case, the average sector throughput follows the same rule as property 1. That is, as long as condition (3) is satisfied, the average sector throughput will increase under CoMP-SU-MIMO mode. For the 5% throughput results, same analysis can be applied. Using proportional fairness algorithm, each cell-edge UE within the cluster will have similar serving time, since the number of cell-edge UEs increases to be three times of that for a single-cell system, the serving time of each cell-edge UE for CoMP-SU-MIMO mode reduces to one third. However, as long as 
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, each UE’s individual throughput increases. Therefore, the 5% throughput will increase.
3 CoMP-SU-MIMO System Level Simulation

3.1 Simulation Setup
In the previous section, we have developed some fundamental understandings of the CoMP-SU-MIMO operation.  In this section, we will begin to evaluate the performance of some simple CoMP-SU-MIMO systems. 

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

[image: image23.wmf]a

£

1

SINR

 dB

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 
[image: image28.wmf]1

i

H

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 Insights
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.
CoMP-MU-MIMO operation mode is expected to bring much higher gain compared to that of CoMP-SU-MIMO operation mode.  Under the CoMP-MU-MIMO operation mode, the great improvement on degrees of freedom offered by CoMP can be explored.

4 Updates on PMI Coordination

In [2], we analyze two technologies: PMI Coordination and Collision-Avoidance Beam-forming (CA-BF). These two technologies fit well with the class of “coordinated scheduling and/or beam-forming”. For PMI coordination, only link level results on SINR improvement is presented. In this contribution, we further discuss some issues related to PMI coordination and update some system level simulation results on this technology.

In [2], PMI coordination is described to reduce the inter-cell interference for cell-edge UEs. The system model can be summarized in the modified version of equation (1). Consider the received signal at UE1,
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where 
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 denotes the channel gain from cell i to UE i, and
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is the PMI for UE I. This model assumes that cell 2 is the strongest interfering cell to UE 1 and  
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 contains the AWGN together with the interference from other cells. The SINR value of UE 1 can be computed as
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where 
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 is the transmitted power of message i at Cell i, and 
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 contains the noise power together with the other cells’ interference. It can be seen that the SINR value of UE 1 is a function of 
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. Therefore, the recommended PMIs for Cell 2 (the strongest interfering cell) satisfy the condition
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where 
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is the set of all PMIs, and 
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 is the SINR threshold. It can be seen that 
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 plays an important role in the PMI coordination process. When this threshold is large, more restrictive constraints are put on other cell’s interference, which means less number of PMIs will be recommended for interfering cell. In this scenario, interference can be greatly limited. When this threshold is small, then the interfering cell will have more freedom to choose the PMIs thus increasing multi-user diversity. However, the interference for the cell-edge users can still be large. In a way, this SINR threshold triggers a trade-off between multi-user diversity and interference avoidance. 
The main procedures of the PMI coordination can be described as follows:

Step 0: Pre-cancellation scheme for inter-cell interference (ICI) (potential technologies: FFR or ICIC-like schemes)
Step 1: UEs measure the channels from the serving cell as well as the interfering cells
Step 2: UE obtain the PMI feedback for dominant interfering links
· Reference PMIs from the interfering cells

· PMI for the serving cell 
· message  
[image: image45.wmf]z

 indicating the sets of PMIs recommended (may based on tolerable interference level)

Step 3: UE obtain the information about the performance improvement:

· Differential E[SINR] CQI: the expected CQI improvement when the set of recommended PMIs is used at the interfering cell  
Step 4: Feedback the information to serving cell as well as to the interfering cells 
Step 5: Serving cell as well as the interfering cells choose their PMIs and rank for transmission

Note that the feedback overhead of PMI coordination is higher than CA-BF due the message  
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 which contains the information about the recommended set. The time line of the procedure can be listed in the follow figure.
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Figure 5: Time Line of PMI Coordination
To evaluate the performance of PMI coordination, we did some system level simulation based on 
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 dB. The results are shown in Fig. 6 as a function of user density.
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Figure 6: Average Sector throughput of PMI coordination
The result suggests that there are at least 7% gain in the average sector throughput for PMI coordination. However the gain can be even larger if we choose different 
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The results on collision avoidance beam-forming have been presented at the RAN1 #54 Jeju meeting. Here the results are also attached.
5 Collision Avoidance Beam-forming
In current LTE system, the beams of neighboring cells randomly collide with each other. This is because the scheduler at each cell doesn’t take into account which beams are used in the neighbouring cells and the precoder for beam-forming is selected based on the UE’s feedback that counts only the link between serving cell and UE. In order to mitigate the interference, collision avoidance beam-forming (CA-BF) is described as follows.
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Figure 7: System Architecture of Collision Avoidance Beam-forming
The system architecture of collision avoidance beam-forming for the case where three interfering sectors are coordinated together is depicted in Figure 7.  There exists a master scheduler which locally schedules multiple cells together relying on the high bandwidth low latency backhaul. The key features of the CA-BF can be summarized as follows:

· Collision avoidance – beam-formed UE (CA-UE)
· UE measures preamble receive strength from neighboring cells and reports to network 
· Based on UE’s feedback, network sets a group of UE as collision avoidance UE (CA-UE)
· Non-CA-UE: UE experiencing relatively low inter-cell interference, e.g., UE located near cell site.

· CA-UE: UE experiencing relatively high inter-cell interference, e.g., UE located boundary of cells

· Feedback information of UE
· Non-CA-UE: feedback information is same as LTE

· Preferred beam index (PMI) of serving sector and CQI

· CA-UE: 

· Preferred beam index of serving sector

· Least interfering beam indices of neighboring sectors

· CQI when preferred beam of serving sector is used to serve this UE and least interfering beams are used for other UEs in the neighboring sectors

· CA-deltaCQI which represents degradation of CQI when least interfering beams are not used in the neighboring sectors

· SDMA-deltaCQI which represents degradation of CQI when serving sector uses multiple beams for SDMA

· Scheduling at Master Scheduler
· Master scheduler decides beams and UEs to be serviced at coordinated cells

· For all the combinations of beams in coordinated cells, scheduler picks up highest priority UE in each cell.

· For each combination of beams in coordinated cells, scheduler calculates sum capacity with the selected UE from each cell.

· Decide the beams and UEs of highest sum capacity

The performance evaluation of CA-BF is done through system level simulations. The layout of the system contains 2 tiers of 57 sectors. A simple layout of 21 sectors is illustrated in Figure 3. 
A standard LTE codebook is used at each cell, other system parameters follow 3GPP evaluation methodology. UEs are uniformly spread in the 57 sectors and sector throughput and the 5% throughput are shown in Figure 4 and Figure 5.
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Figure 8: Sector Throughput of CA-BF
From Figure 8, it can be seen that for 4 by 4 CA-BF, there exists a max 9% gain compared to 4 by 4 NCA-BF (Model B). For the case of 4 by 2 systems, CA-BF results in a max 3.6% gain compared to NCA-BF (Model B). 
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Figure 9: 5% Sector Throughput of CA-BF
From Figure 9, we observe that 4 by 4 CA-BF will result in a 28% gain compared to 4 by 4 NCA-BF (Model B). This means CA-BF will bring benefits to sector throughput as well as 5% sector throughput.  

6 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, dynamic system resource allocation should be considered to further improve the system performance.  For CoMP-MU-MIMO operation mode, more gains are expected since this mode takes good advantage of the rich degrees-of-freedom resource in CoMP joint transmission.
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