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1
Introduction
In this contribution, we describe interference issues encountered with eICIC in Rel-10 [1]. We provide high level overview of the possible transmitter based solutions and compare to the pure UE based and transmitter assisted UE based techniques.
2
Sources of Interference
Major source of interference encountered with eICIC that needs special handling is interference created by CRS. The data and DL control portion of the subframe can be muted by configuration of Almost Blank Subframes (ABS). However, CRS has to be transmitted to support UE measurements and reporting of the legacy UEs. 

In addition to handling of CRS interference, even low to moderate bias values can create acquisition problems for legacy UEs, as interference on PSS/SSS can considerably slow down cell search procedure. Moreover, in order to remain connected, UE needs to be able to decode PBCH and system information. 

2.1 
Handling of CRS interference

Under even moderate bias values, CRS interference is detrimental for the demodulation of a number of channels as shown in [2]. CRS interference can be avoided by the transmitter or removed by the receiver.

2.1.1
Transmitter based muting and rate matching
The main idea behind the transmitter based techniques for handling CRS interference is to avoid RE by muting and rate matching. The idea is illustrated in Figure 1 for non-colliding CRS case. Basically, in case of non-colliding CRS, the transmitter needs to avoid RE with strong CRS interference. This technique is possible for the PDSCH region, but due to legacy issues for Rel 10 UEs, not feasible for the DL control region. Since the rate matching is required not only for the DL data, but also for DL control channels, new DL control channel design is needed that allows for rate matching around CRS REs. 

Note that due to UE mobility, the location of impacted REs will change and UEs move in the network. There are effectively two options to solve this problem. Either transmitter constantly reconfigures the PDSCH muting patterns or conservatively mutes around both CRS offsets, effectively eliminating 3 OFDM symbols from the data region or reconfigures RE muting and rate matching patterns as the UE moves. The reconfigurations are always subject to loss of data as there is always transitional period when UE and eNB may not be in sync.    
In case of colliding CRS, there is no need to avoid CRS interference from the perspective of DL control or data REs. However, CRS interference remains and leads to poor channel estimation. Therefore CRS tones effectively need to be discarded and UE need to rely on DM-RS only. This means that the new DL control channel design is necessary. In case of DL data channel, one can rely on DM-RS and TM9. However, the issue of CSI feedback remains as long as interference estimation is based on CRS. It should also be noted that when evaluating DM-RS based techniques, DM-RS overhead needs to be taken into account.  

Observation 1: Transmitter based techniques to handle CRS interference require new design for both DL control and DL data channels.
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Figure 1: Illustration of RE muting for non-colliding CRS scenario for non-MBSFN and MBSFN subframes.

2.1.2 
Receiver based techniques 

The receiver based techniques rely on UE processing to eliminate dominant CRS interference. In general, UE is well aware of strong interferers and it can therefore determine when it is best to remove CRS interference. For example, when CRS interference is strong UE can estimate CRS interference well and therefore cancel it well. When CRS interference is weak, it may be difficult to estimate it well and hence it should not be cancelled. But if the interfering cell is weak, CRS interference from that cell does not significantly contribute to the overall interference and hence there is little harm neglecting it at the receiver. 

The new information transmitter can provide to the UE is limited. In case of non-colliding CRS, UE has the information of the location of REs with strong CRS interference and any transmitter based assistance is of limited value. The information at the UE is more current than at the network side due to inherent delay with measurements and reporting. Therefore, any network assistance in this regard is not helpful. One could argue that MBSFN configuration of the neighbouring cells needs to be transmitted to the UE for proper cancellation since in the most general case, the UE is not signalled MBSFN configuration from the serving cell. However, MBSFN configuration does not change often and UE has plenty of measurement opportunities to determine if a given subframe is configured as MBSFN or not.

In case of colliding CRS, the transmitter based assistance is more important. Similarly as it was the case for non-colliding CRS case, UE can accurately estimate MBSFN configuration of the neighbouring cells. However, UE estimation which cell to cancel and which not to cancel may not be as accurate. UE is not signalled ABS patterns of the neighbouring cells, and ABS patterns can change relatively quickly. For that reason, we think that this issue needs to be studied further.
Observation 2: The scope of signalling enhancements for receiver based techniques should be limited for colliding CRS case only. 
2.2 
Handling PSS/SSS Interference

Strong interference on PSS/SSS can significantly increase cell search procedure as shown in [3]. PSS/SSS interference can be either be avoided by the transmitter or removed by the receiver.

2.2.1 
Transmitter based techniques

Subframe offset can be seen as an effective transmitter technique to enable acquisition and detection of weak cells without the need for standard changes. The technique is illustrated in Figure 2, where detection of weak cells or cell range expansion can be implemented in both directions. The main idea is to shift timing of two cells by a number of subframes so that acquisition signals (PSS/SSS) do not interfere with each other. Then, the detection of weak cells is enabled by the interfering cell by not scheduling data on the resources that interfere with the acquisition signals and channels of the other cells. 
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Figure 2: Illustration of subframe shift for FDD systems.

The technique is feasible for FDD systems, but it does have its limitation if operator wants to deploy eMBMS service. Moreover, this technique cannot be utilized for TDD systems and the only remaining solution are standard changes that either require new PSS/SSS design or new signalling that somehow replaces PSS/SSS functionality.

Observation 3: Subframe shift is not universal solution for PSS/SSS detection. New PSS/SSS design or new signalling that replaces PSS/SSS functionality is required.  
2.2.2 
Receiver based techniques

The receiver based techniques rely on UE processing and PSS/SSS collision, that is, synchronous transmissions of PSS/SSS in all cells of interest in the network. Synchronous transmission is also requirement for eICIC.
Observation 4: PSS/SSS interference can be handled by UE without any signalling enhancements. 
2.3 
Handling of PBCH Interference 

Similarly as it was the case for acquisition signals (PSS/SSS), PBCH interference needs to be handled to enable proper cell search. PBCH interference can be either be avoided by the transmitter or removed by the receiver.

2.3.1 
Transmitter based techniques

Similarly as it was the case for PSS/SSS illustrated in Figure 2, subframe offset can be seen as an effective transmitter technique to enable acquisition and detection of weak cells without the need for standard changes. But the same limitations apply.  While the technique is feasible for FDD systems, it does have its limitation if operator wants to deploy eMBMS service and it cannot be utilized for TDD systems. The only remaining solution is standard change that either require new PBCH design or new signalling that somehow replaces PSS/SSS functionality.

Observation 5: Subframe shift is not universal solution for PBCH detection. New PBCH design or new signalling that replaces PBCH functionality is required.  
2.3.2 
Receiver based techniques

The receiver based techniques rely on UE processing and PBCH collision, that is, synchronous transmissions of PBCH in all cells of interest in the network. Synchronous transmission is also requirement for eICIC.
Observation 6: PBCH interference can be handled by UE without any signalling enhancements. 
3
Conclusions

In this contribution, reviewed the transmitter based techniques and compare them to available UE based receiver methods. We conclude that transmitter based solution requires redesign or DL control and data channels, and either signaling changes or redesign of acquisitions signals and channels. 
Due to inherent delay with signaling the transmitter generally does not have most recent information about the interference at the UE, which creates overhead and performance issues when compared to UE based solution. We observe the following: 

Observation 1: Transmitter based techniques to handle CRS interference require new design for both DL control and DL data channels.
Observation 2: The scope of signalling enhancements for receiver based techniques should be limited for colliding CRS case only.
Observation 3: Subframe shift is not universal solution for PSS/SSS detection. New PSS/SSS design or new signalling that replaces PSS/SSS functionality is required for transmitter based solution.  
Observation 4: PSS/SSS interference can be handled by UE without any signalling enhancements.

Observation 5: Subframe shift is not universal solution for PBCH detection. New PBCH design or new signalling that replaces PBCH functionality is required for transmitter based solutions.  

Observation 6: PBCH interference can be handled by UE without any signalling enhancements. 

Final observation: While receiver based solutions can solve all the identified interference scenarios, a collection of transmitter based solutions is required to be able to cope with the interference conditions stemming from eICIC operation with moderate-large bias. In addition, some of the transmitter based solutions incur undesirable transmission overhead. Therefore, we recommend limiting further studies on transmitter based solutions to solutions that are common for FDD and TDD and that would enable simpler UE implementations while not incurring additional PHY/MAC overhead. 
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