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1. Introduction
Coordinated multi-point transmission/reception (CoMP) is a key technology to improve the cell coverage and sector throughput. Downlink CoMP transmission can be accomplished by coordination among multiple geographically separated transmission points.
Performance of downlink CoMP has been investigated by quite a few companies [1-2]. The results show that both sector throughput and cell coverage can be improved under ideal simulation assumptions, such as zero backhaul delay and perfect reception timing. However, in realistic situations, latency of information exchange between coordinated points is inevitable. Especially, when the coordination takes place between eNodeBs, the delay over X2 interface should be considered seriously [3]. 

The backhaul requirement and feedback mechanism depend on the supported transmission schemes. Particularly, the feedback mechanism needs more considerations than that in Rel-8. In this contribution, we discuss several possible coordination schemes with different levels of backhaul delay requirements and feedback mechanisms.
2. Coordination in Rel-8 
In LTE Rel-8, downlink inter-cell interference coordination can be implemented by controlling the transmission power of certain time-frequency resources. The configuration of power settings is exchanged over X2 interface by the relative narrowband TX power indicator (RNTP).

RNTP indicates whether the transmission power of a PRB is below a threshold or no promise about the transmission power is made [4-5]. RNTP is used for proactive indicator allowing interference aware scheduling and downlink ICIC. When the threshold value is -∞ (dB), it means that PRBs whose RNTP value is zero will not be used. In fact, the situation means that different cells may use different frequency resources to mitigate inter-cell interference. 
When the threshold value is not -∞ (dB), it means that transmission power of PRB with RNTP = 0 will be below a certain value in the considered future time interval. The PRBs with low power may be allocated to cell center UEs and the PRBs with high power may be allocated to the cell edge UEs. By the received RNTP indicator, eNodeB knows on which set of PRBs the interference will be low, and hence proper scheduling decisions can be made to reduce inter-cell interference.
3. Spatial Domain Coordination
Downlink ICIC of Rel-8 is implemented by coordinating transmission power between cells. The main deficiency of R8 ICIC is that coordination is limited in time/frequency dimension. In order to control interference to a neighboring cell UE, an eNodeB has to be silent, or reduce the transmission power on some parts of the bandwidth. This is detrimental to cell average spectrum efficiency. In multiple antennas system, spatial dimension can be exploited.  The spatial domain coordination can be used to further reduce inter-cell interference, e.g., by coordinated scheduling/beamforming. In order to implement the coordination, spatial information should be exchanged between cells. With different delay of backhaul, the spatial information should be transferred in different forms. 
The possible backhaul latency ranges from several microseconds to several milliseconds. In the following, we classify transmission schemes into semi-static coordination, semi-dynamic coordination, and dynamic coordination according to their requirements on backhaul.
3.1. Semi-static Coordination
For semi-static coordination, period of spatial information exchange is on the order of 100 milliseconds. By the exchange of spatial information, the coordinated scheduling can be accomplished by multiple cells. 

There is an example for such a consideration:  semi-static coordination can be implemented by dividing a cell into multiple subsectors based on direction, and the downlink time-frequency resources are split into corresponding numbers of subsets. Scheduling priority of resource subset in each subsector is predefined. The predefined scheduling priority order in each subsector would be expected different.  For example, a cell can be divided into 3 subsectors which could be covered by 3 beams, as shown in Figure 1. The time-frequency resources are also divided into 3 subsets (1, 2, and 3). Subset 1, 2, 3 have the highest priority order in subsector A, B and C respectively. This priority order of different subsets is called - Beam Cycling Pattern (BCP).

[image: image1.emf]A

B

C

Subset 1

Subset 2

Subset 3

Subframes

PRBs


Figure 1: A cell is divided into 3 subsectors
BCP is exchanged among different cells to enable inter-cell coordination. By properly choosing BCP according to the available BCP of coordinating cells, inter-cell interference can be reduced. Take scenario shown in Figure 2 as an example. In the same time-frequency resource, cooperating cells have their specific BCP. Cell 1 will schedule UEs in subsector A, B, C to subset 1, 2, 3 with highest priority respectively, Cell 2 will schedule UEs in subsector A, B, C to subset 3, 1, 2 with highest priority respectively, and Cell 3 will schedule UEs in subsector A, B, C to subset 2, 3, 1 with highest priority respectively. Obviously, inter-cell interference is reduced.
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Figure 2: Illustration of inter-cell coordination
The method of selection of the scheduling subset for a UE may be various. To be simple, the determination of subset can be based on the DoA of UE which can be estimated by uplink signal, such as SRS. For further improvement, some additional feedback may be needed, such as feedback of subband CQI to indicate the best subset. But further study on the performance and affection on specifications is needed.
In such scheme, only BCP is communicated over the backhaul, and hence the overhead on backhaul is quite low. The BCP itself can remain unchanged over a relative long time period, i.e., it is not sensitive to the delay of backhaul.

Generally, semi-static coordination is very simple. Inter-cell interference can be reduced by a simple manner. However, there may be some limitations to the scheduler, and the actual performance depends on the BCP and UE distribution. As the exchanged information is based on large scale statistics, the beam cycling pattern changes slowly.  
3.2. Semi-dynamic Coordination
Semi-dynamic coordination implies that spatial information is exchanged on the order of 10ms. Compared with semi-static coordination, more accurate spatial information can be conveyed. The short term spatial information and dynamic scheduling information is still not feasible, since it may be invalid after 10~20ms. Semi-dynamic information exchange could be classified as per subband information exchange and per UE information exchange.
Per Subband Information Exchanging
Per subband information exchanging is to associate spatial information with each subband, and the coordinating cells exchange the spatial information associated with each subband.
The spatial information associated with each subband could be the precoding matrix or direction of beams that serving cell prefers. Alternatively, the spatial information could be suggestions/restrictions of the precoding matrix or direction of beams to coordinating cells. It is explicitly sent to coordinating cells by X2 interface.
The spatial information can be achieved from the UE’s reporting. The eNodeB can also obtain spatial information by channel reciprocity.
In general, UE reporting should be enhanced to support this functionality. For example, in addition to reporting preferred precoding matrix for serving cell, UE can also reports worst/best precoding matrix for coordinating cells [6-7]. As shown in figure 3, the worst precoding matrix (WCI) for coordinating cell refers to the precoding matrix that creates the most interference to the intended UE if it is used by the coordinating cell. In the contrary, the best precoding matrix (BCI) creates least interference to the intended UE. eNodeB collects spatial information reported by different UEs. Based on the collected information, eNodeB can associate spatial information with each subband by a certain criterion, such as the largest sum rate.
Due to the latency of backhaul, the spatial information reported by UE should be long term; otherwise, it may be invalid when coordinating cells try to use the information.
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Figure 3: UE reporting to enable inter-cell coordination
Besides the UE reporting, the serving cell could obtain the spatial information such as DoA by uplink channel measurements, such as SRS. When the UE is of low speed, the change of DoA over the considered time period is small. If the sector is divided into several fixed directions, a few bits needed to signal the DoA per subband.
We can see that the cost of backhaul is higher than semi-static coordination. But the exchanged spatial information based UE’s channel state could track the change of the channel to some extent and scheduling is more flexible. Therefore, the performance may be better than semi-static coordination.
Per UE Information Exchanging
Per UE information exchanging is that spatial information is exchanged on per UE basis. To be specific, a UE is pre-allocated some subbands and this allocation is sent to coordinating cells. Spatial information associated with the pre-allocated subbands of the UE is sent to coordinating cells together with the subband information. The pre-allocated subbands of different UE could be overlapped. When scheduling, a UE should be scheduled on its pre-allocated subbands with highest priority. 
The possible exchanging information includes the information of resource pre-allocation, spatial information, the UE identity, etc. The cost of backhaul increases linearly with the number of UE. Actually, only interference sensitive UE’s information needs to exchange, such as cell edge UEs.
Obtaining of spatial information at eNodeB is similar to per subband information exchanging. Particularly, if channel reciprocity is exploited, no spatial information needs to be exchanged over the interface. Once UE identity and its pre-allocated subbands information are available at coordinating cells, the coordinating cells could obtain spatial information by receiving UE’s uplink signal, such as SRS [8]. By this way, the cost of feedback can be reduced. But in order to receive and detect SRS at multiple cells, enhanced SRS schemes need to be studied.
3.3. Dynamic Coordination
In case of intra-eNB, or backhaul latency on the order of several microseconds, dynamic coordination could be implemented. Both the short term spatial information and the dynamic scheduling information could be shared in time. As dynamic coordination could better track the change of channel, the interference could be well controlled. 
3.4. Feedback/Backhaul Comparison
The overhead of backhaul is different due to different information transferred. In order to estimate the feedback requirement, we look at the 4Tx case. Here 4 bits are needed to signal the PMI/WCI per subband. 1~2bits are needed to signal the DoA per subband. Explicit feedback is also a choice; here we just analyze simple cases with implicit feedback and corresponding backhaul by that the feedback amount is as little as possible.
A simple analysis is listed in Table 1.

Table 1: Comparison of the cost of backhaul and feedback
	
	Exchanged information
	Feedback 
	Cost of feedback
	Cost of backhaul
	Complexity

	Semi-static coordination
	Beam cycling pattern
	No additional feedback
	Low
	Low
	Low

	Semi-dynamic coordination
	Per subband information exchanging
	Serving cell precoding matrix per subband
	WCI/BCI
	Medium(increased with the number coordinating cells)
	Medium
	Medium

	
	
	Coordinating cell suggestion/restriction per subband
	WCI/BCI
	Medium(increased with the number coordinating cells)
	High(increased with the number of coordinating cells)
	Medium

	
	
	Beam direction of serving cell 
	No need to feedback (SRS)
	Low
	Medium
	Medium

	
	Per UE information exchanging
	Serving cell pre-scheduling information and spatial information
	WCI
	Medium 
	High(increased with the number of UE)
	Medium

	
	
	Serving cell pre-scheduling information
	No feedback (SRS)
	Low
	Medium(increased with the number of UE)
	Medium

	Dynamic coordination
	UE reporting
	PMI/WCI/channel state information/scheduling information
	WCI/channel state information
	High
	High
	High

	
	SRS
	Channel state information/scheduling information
	No feedback(SRS)
	Low
	High
	High


4. Conclusion
Comparing three types of coordination, cost of backhaul and feedback are quite different:

· The semi-static coordination may require a low cost of backhaul. Implementation is simple and the requirement of feedback is low. 
· The dynamic coordination may require a high cost of backhaul and it is hard to implement and some additional feedback may be needed.

· The semi-dynamic coordination seems to be a good tradeoff among the cost of backhaul, flexibility, performance and the complexity of implementation. 
We found that different exchanging information results in different cost of feedback and backhaul considering semi-dynamic coordination methods. 
· PMI/WCI based schemes (more suitable for per subband information exchanging) need additional feedback and new requirements for measurement. 
· The SRS-based schemes (more suitable for per UE information exchanging) seem to have a low cost of feedback. As the number of interference sensitive UE is not large, exchanging scheduling information is a considerable approach. 
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