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1 Introduction
As a part of the physical layer procedure, inter-cell interference mitigation is widely relevant to physical (PHY) layer designs, medium access control (MAC) layer designs, inter-cell coordination, and inter-eNB coordination. The purposes and scopes of those designs may be much different from each other and hard to be harmonized as a single layer operation. In the LTE system [1], three approaches to the inter-cell interference mitigation are currently being considered.

·  Inter-cell-interference randomization

·  Inter-cell-interference cancellation

·  Inter-cell-interference co-ordination/avoidance
On the other hand, based on the same basic principles (even under different terminologies) lots of companies are proposing to use “Multi-Cell MIMO” to change the interference signal into useful signal through joint processing at the coordinated eNBs [2, ..., 10]. Essentially, this is a more aggressive (or efficient) way of performing inter-cell interference mitigation. 
It is interesting to note that both inter-cell interference cancellation and multi-cell MIMO focus on the scenario where the eNBs are transmitting to some intended UEs in the same frequency band simultaneously. The corresponding system setting is illustrated in Fig.1 for the case where two eNBs are talking to two UEs.
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Figure 1: Two eNBs are communicating with two UEs simultaneously

In Fig. 1 the serving base station for UE1 is eNB1 and the serving base station for UE2 is eNB2. Let 
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 be the number of transmit antennas at the eNBs, 
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 be the number of receive antennas at the mobile users. Also let 
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 be the respective channel gains. Then the received signal at UE1 and UE2 can be represented by
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where 
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 vector of received signal at mobile user i, 
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 vector of transmitted signal at base station i, and 
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 AWGN noise vector. We know that the particular technologies to optimize the system performance heavily depend on the system assumptions. That is, depends on the coordination level we are able to allow in the system, we may need to use different technologies to perform the inter-cell interference mitigation. Therefore, this contribution tries to set up a unified framework of jointly considering inter-cell interference cancellation and multi-cell MIMO based on the shared information between the coordinated eNBs. By doing this, we can identify various operation modes of the coordinated system and try to characterize various technologies to improve the system performance under different operational modes. Furthermore, we introduce some simple interference mitigation methods through limited coordination between eNBs.
2 Various Operation Modes – Apple to Apple Comparison
In this section, we try to identify various operation modes of the coordinated system. In order to do this, let us take a second look at the interfering system described in Fig. 1. In this system, we have four channel gain matrices which are 
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. Furthermore, we have two sets of data: one set is intended for UE1 while the other set is intended for UE2. Accordingly, the information shared between the two eNBs in Fig. 1 is classified into two categories: channel knowledge related information and data information. 

In the category of channel knowledge related information, we have three levels of information sharing: no channel knowledge sharing, partial channel knowledge sharing, and total channel knowledge sharing among base stations.

1. In the case of no channel knowledge sharing, each eNB only knows the information related to the channel between himself and his serving UE. That is, eNB1 only knows information related to 
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 while eNB2 only knows information related to 
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2. In the case of total channel knowledge sharing, the information related to 
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 are shared between the two eNBs.

3. In the case of partial channel knowledge sharing, a subset of the information related to
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 are shared between the two eNBs. For example, eNB1 may only know information related to 
[image: image29.wmf]11

H

and 
[image: image30.wmf]12

H

 while eNB2 only knows the information related to
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Similarly in the category of data, we can also have three levels of information sharing: no data sharing, partial data sharing and total data sharing among base stations

1. In the case of no data sharing, each eNB only has the data for his intended UE.

2. In the case of total data sharing, both eNBs have access to both of the data.

3. In the case of partial data sharing, both eNBs have access to part of the other UE’s data.

By dividing channel sharing and data sharing into three levels, we have the following 3 by 3 grid. The various operation modes together with the potential technologies that may help to improve the system performance are listed in Table 1.

Table 1: Potential Technologies in Various Operation Modes

	CSI/Data Sharing Among eNBs
	No Data Sharing
	Partial Data Sharing
	Full Data Sharing

	No CSIT Sharing
	(1-1) Inter-cell Interference Coordination
	(1-2)
	(1-3) Inter-cell open loop MIMO/TxD

	Partial CSIT Sharing
	(2-1) Collision Avoidance Beam-forming
PMI Coordination
	(2-2)
	(2-3)

	Full CSIT Sharing
	(3-1)
	(3-2) MIMO X Channel (Interference Alignment)
	(3-3) Multi-Cell MIMO


3 Potential Technologies

In the case of (1-1), since no information is shared between the eNBs, we can apply inter-cell interference coordination to mitigate interference. The basic idea of this technology is to schedule cell-edge users in different frequency bands so that the information is mitigated. Fast inter-cell interference coordination [4] and semi-static inter-cell interference coordination [11] may be good candidates within this category.

In the case of (2-1), we may consider about the collision avoidance beam-forming (CA-BF) where UEs send feedback information about least interfering PMI of the interfering eNB and suggest the interfering eNB to use it. In this sense, the interference can be mitigated by limited coordination. Another method along the same line of thought is the PMI coordination technique where a set of PMIs, instead of the least interference PMI for CA-BF, is recommended to be used in the interfering eNBs. With the increased overhead, PMI Coordination improves the scheduling flexibility and thus bring higher overall network throughput.
In the case of (3-2), we may utilize the results from MIMO X channel (interference alignment) [12](Reference?) where we jointly design the precoding matrices such that the intended signals are orthogonal to the interference signals.

In the case of (3-3), we can apply the standard multi-cell MIMO method where joint beam-forming and MIMO broadcast channels with individual power constraints on each eNB (Zero-forcing, Dirty Paper Coding) can be applied.  
4 Interference Mitigation through Limited Coordination
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, two methods are considered in this section falls in the category (2-1) where partial channel information is needed to exchange between the cells. One is called the collision avoidance beam-forming while the other is called PMI coordination. They are explained in details in the follow subsections.
4.1 Collision Avoidance Beam-forming
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Figure 2: System Architecture of Collision Avoidance Beam-forming
The potential system architecture of collision avoidance beam-forming for the case where three interfering sectors are coordinated together is depicted in Figure 2.  There exists a master scheduler (may be located within an eNB) 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. 
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Figure 3: Cell Layout of 21 Sectors Model A versus Model B
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 4: Sector Throughput of CA-BF
From Figure 4, 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 5: 5% Sector Throughput of CA-BF
From Figure 5, 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.  

4.2 PMI Coordination
It is observed that CA-BF can help to increase both the sector throughput and 5% sector throughput. However, each UE only feedback the least interference PMI recommended to be used at the interfering cell could potentially limit the scheduling choices at the other cell eNBs. Furthermore, a master schedule is the necessary condition of CA-BF. In order to relax these two conditions, PMI coordination where a set of PMIs is recommended to the interfering cells could be considered. Under this method, a master scheduler may or may not exist. When the master scheduler is enabled in the system, the same operation as CA-BF can be applied. However, the scheduling flexibility is improved and thus bring higher overall network throughput. When the master scheduler is not enabled in the system, each cell could potentially choose his/her own PMI within the recommended PMI set to maximize his own throughput. 
The main procedures of the PMI coordination for the case where a master scheduler is not presented can be described as follows (for the case where a master scheduler is enabled, the similar procedure of CA-BF can be applied):
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  
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 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

· In this mode of operation, interfering cells are recommended to choose the PMI that maximizes his own serving UE’s throughput within the PMI recommended set. 

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 6: Time Line of PMI Coordination
In order to evaluate the performance of PMI coordination, we did some preliminary link level simulation to show the SINR improvement of using PMI coordination. We consider the system shown in Figure 1 where two cell-edge UEs belonging to two cells are close to each other. The performance measure used in this comparison is the average SINR value shown in Fig. 7.
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Figure 7: Average SINR improvement of PMI Coordination
X-axis stands for the average SIR values while the Y-axis stands for the average SINR values after interference coordination processes (SNR is kept to be 10 dB in order to illustrate the case of interference limited scenario). Basically the uncoordinated system is the system where the serving cell chooses the PMI which maximizes its own UE’s throughput. The system parameters of the simulation are listed in Table 2.
Table 2: Link Level Simulation Parameters

	Parameters
	Values

	System bandwidth
	10 MHz

	Transmit antenna at BSs
	4

	Receive antennas at MSs
	1  

	Antenna Spacing at BSs (wavelength)
	0.5

	Number of Interferer cells
	1

	Channel Model
	SCM

	IoT model
	AWGN

	Channel Estimation
	Perfect Channel Estimation


5 Conclusion
Inter-cell interference management is a promising technology to achieve targets of IMT-Advanced on the cell-edge throughput. In this contribution, we provide a unified framework to analyze inter-cell interference cancellation together with multi-cell MIMO. We show that various operation modes exist for inter-cell interference mitigation and the particular technologies to improve cell-edge throughput really depends on the underlying operation mode. 

We also show that there exist techniques to improve the cell-edge performance through limited coordination between cells. To be specific, Collision Avoidance Beam-forming and PMI coordination based on CQI improvement or interference level offers very good gains over uncoordinated system. 
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