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1. Introduction
In RAN1#61, it was agreed that an enhanced ICIC solution is needed for macro-femto and femto-femto deployment cases [1]:
· Macro-Femto and Femto-Femto co-channel deployment 

· Dominant interference condition has been shown when Non-CSG/CSG users are in close proximity of Femto; in this case:

· Rel8/9 ICIC techniques are not fully effective in mitigating control channel interference. 

· Enhanced interference management is needed

· Techniques in TR36.921 can be considered where appropriate

And it was agreed in RAN1#61bis that the time-domain approach is one of the baseline solutions [2]. To solve the dominant interference problem existing in macro-femto and femto-femto cases, various time-domain eICIC solutions have been proposed and discussed so far [3-11]. In this contribution, we compare the proposed solutions from the perspective of inter-cell interference avoidance and radio link failure.
2. Time-domain eICIC Solutions from Interference Avoidance Perspective
In macro-femto deployment case, a non-CSG macro UE (MUE) is exposed to dominant interference condition when it is in close proximity of a CSG femto HeNB as stated in [1]. In this case, the macro UE fails to decode control and/or data channels unless the interference from the HeNB is avoided/mitigated by an eICIC solution. Time-domain eICIC refers to a solution where control and/or data channels for the MUE is transmitted in some time-domain resources (e.g., subframe or OFDM symbol) at which interference from the HeNB is avoided or mitigated. A few documents were submitted to summarize the features of each time-domain eICIC solutions [3-5].
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Figure 1. An example of dominant interference condition in macro-femto deployment.

We can categorize the time-domain eICIC solutions that are proposed so far with the following two criterion:
· Are the subframe boundaries are aligned or staggered in OFDM symbol level?

· How does the MUE avoid the interference from the HeNB to its control channel?
Figure 2 illustrates the categorization of the time-domain eICIC solutions each of which will be discussed in the following subsections.
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Figure 2. Categorization of the time-domain eICIC solutions.

2.1. Subframe alignment
In this category, the subframe boundary of MeNB and HeNB is aligned and, as a result, control and data channels of the MUE overalp with control and data channels of HeNB, respectively. Thus, in order to protect the control channels of the MUE, HeNB has to do some coordination on its PDCCH transmission. Two different approaches have been proposed so far.
· No PDCCH [6, 7]

In this approach, HeNB does not transmit PDCCH in some subframes that are configured as almost blank subframe. There is no PDSCH transmission in the configured subframes as a consequence of almost blanking. HeNB only transmits CRS (and some essential signals such as PBCH, PSS, SSS) in almost blank subframe in order to alleviate dominant interference to the channels of the MUE. Detailed features of almost blank subframes are explained in [4]. Figure 3 shows an example of this approach where we can observe that the eICIC between MeNB and HeNB is done in a subframe-wise fashion.
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Figure 3. An example of eICIC based on almost blank subframe with subframe alignment.

· Lightly-loaded PDCCH [8]

This approach differs from almost blank subframe in that HeNB is allowed to transmit PDCCH (and the accompanying PDSCH) even in the coordinated subframes. In this approach, the load of PDCCH (e.g., the maximum number of utilized CCEs) is controlled in the HeNB side in order to limit the control-to-control interference to the MUE. The almost blank subframe method can be regarded as a special case of this approach in the sense that the load of PDCCH is limited to zero in the coordinated subframes. As HeNB’s PDCCH and the corresponding PDSCH transmission is allowed in every subframe in general, data-to-data interference is avoided by means of RB-level coordination which is already used for Rel-8/9 ICIC. In other words, HeNB does not transmit any PDSCH in some RBs of some configured subframes as illustrated in Figure 4.
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Figure 4. An example of eICIC based on lightly-loaded PDCCH with subframe alignment.
The two approaches discussed in this subsection commonly suffer from the CRS-to-control interference problem because HeNB should keep transmitting CRS even in the coordianted subframes. As analyzed in [12-15], this CRS transmission induces severe interference to the MUE in dominant interference condition and the reliability of the control channel detection cannot be guaranteed. In case of lightly-loaded PDCCH, the MUE suffers from an additional interference from the PDCCH of the HeNB which will make this problem more serious.
Regarding the MUE’s PDSCH, there exist interference caused by HeNB’s CRS transmission even in the coordinated resources. This CRS interference can be avoided by configuring the HeNB’s subframe as MBSFN subframe.
2.2. OFDM symbol shift

In this category, the subframe boundary of HeNB is shifted by one or more OFDM symbols relatively to that of MeNB as depicted in Figure 5. This symbol-level shift enables the control channel detection of the MUE without being interfered by HeNB’s CRS or control channels. On the other hand, the MUE’s PDCCH overlaps with HeNB’s PDSCH in this case, so HeNB has to do some coordination on its PDSCH transmission not to interfere with MUE’s control channel detection. Two different approaches have been proposed in this category as well.
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Figure 5. Some examples of OFDM symbol shift between MeNB and HeNB.
· PDSCH symbol muting [9, 10]
In this approach, HeNB mutes OFDM symbols [9] (or some REs of the OFDM symbols [10]) which overlap with the control channel of the MUE in some subframes. By this muting operation, MUE can receive the control channels with no (or mitigated) interference from HeNB. On top of this, HeNB configures the following subframe as almost blank subframe in order to avoid data-to-data channel interference. One drawback of this approch is the impact of PDSCH symbol muting on the HUE’s performance. If the HUE is a Rel-8/9 UE, there is no way to inform the HUE of the location of the muted symbol and this will lead to PDSCH throughput loss especially when the high level MCS is applied. The throughput loss can be mitigated by informing the muted symbol location if the HUE is a Rel-10 UE so that the corresponding PDSCH is rate-matched around the muted symbols. Figure 6 illustrates this operation.
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Figure 6. An example of eICIC based on PDSCH symbol muting with OFDM symbol shift.

· Consecutive subframe blanking [11]

In this approach, HeNB configures the whole subframe as almost blank subframe instead of muting some OFDM symbols. So MUE still receives interference-free control channels but, as a result, at least two consecutive subframes should be configured as almost blank subframe in order to protect the control and data channel of the MUE. In other word, there exists some restriction in the almost blank subframe configuration. This operation is beneficial in that the the impact of PDSCH symbol muting does not need to be considered. The restriction in the almost blank subframe configuration may lead to relative resource loss when compared to the PDSCH symbol muting approach. However, this loss can be alleviated by configuring the almost blank subframes as continuously as possible as illustrated in Figure 7. We can easily see that N-1 subframes can be used to serve the MUEs in close proximity of HeNB by blanking N consecutive HeNB subframes. We note that the continuous configuration of almost blank subframe is also beneficial in mitigating the impact of PDSCH symbol muting discussed above.
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Figure 7. An example of eICIC based on consecutive subframe blanking with OFDM symbol shift.

The two approaches discussed in this subsection share a commonality with the “no PDCCH” approach discussed in the previous subsection that almost blank subframe is utilized for the interference coordination between MeNB and HeNB. For example, in these three solutions, the coordination signaling between MeNB and HeNB can have the same format in which the indices of the almost blank subframes are listed.
The MUE’s PDSCH is also interfered by HeNB’s CRS similarly to the solutions in Subsection 2.1. The diffenence is that MBSFN configuration in HeNB cannot fully get rid of this CRS interference as the CRS in the HeNB’s control region still interferes with the MUE’s PDSCH. For example, in the first example of Figure 5, the MUE’s PDSCH transmission sees HeNB’s CRS at OFDM symbols #2 and #3 even though HeNB configures the subframe as MBSFN subframe. In addition, it is also possible for the MUE’s PDSCH to be interfered by HeNB’s control signal (e.g., PCFICH and PDCCH) if the HeNB transmits the system information or paging signal in the almost blank subframe.
3. Time-domain eICIC Solutions from RLF Perspective
A UE performs radio link monitoring (RLM) procedure to check whether the reliability of the radio link is kept or not. And it declares radio link failure (RLF) if the link quality, which is measured in terms of SINR of the connected cell’s CRS, falls below a certain level (e.g., the expected PDCCH decoding error probability is higher than 10%) and begins the connection re-estabilishment prodecure. So, if the MUE is in close proximity of HeNB as depicted in Figure 1, the CRS of MeNB is severly interfered by the HeNB’s transmission which can lead to poor “average” CRS SINR. In this case a MUE may declare unnecessary RLF and lose its connectivity even though the connection of the MUE is able to be maintained in the coordinated resources.

If the concerned MUE is a Rel-8/9 UE, there is no way to prevent the MUE to perform RLM in the non-coordinated subframes where HeNB is allowed to transmit PDCCH and PDSCH. In this case, the unnecessary RLF can be avoided by muting the HeNB’s REs that overlap with the CRS of MeNB [11]. By this RE muting, it is guaranteed that the Rel-8/9 UE sees interference-free CRS in its RLM procedure thereby keeping its connection to MeNB. Figure 8 shows an example of this RE muting for the case where the HeNB subframe boundary is shifted by 2 OFDM symbols relative to that of MeNB.
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Figure 8. An example of HeNB’s RE muting at the MeNB’s CRS position (the HeNB subframe boundary 
is shifted by 2 OFDM symbols relative to that of MeNB, 2 port CRS is assumed for both MeNB and HeNB).
Comparing the subframe alignment and the OFDM symbol shift approaches discussed in the previous section, the OFDM symbol shift is beneficial in that RE muting is done only in PDSCH of HeNB in contrast to the subframe alignment case where some REs of HeNB’s control channels should be muted not to overlap HeNB’s transmission with MeNB’s CRS. Some throughput degradation of HUE is expected due to this PDSCH RE muting, but the simulation results in [11] reveal that substantial performance gain is still achievable by deploying HeNBs even with this degradation and significant additional improvement can be obtained if HeNB’s PDSCH targeting a Rel-10 HUE is rate-matched around the muted REs.
If the concerned MUE is a Rel-10 UE, that UE’s RLF can be avoided by limiting its RLM on a specific set of resources that are free from the dominant interference. One straightforward method is to perform RLM in a limited set of subframes [5, 7, 16] but this subframe-specific RLM may not be a perfect solution because it is possible for HeNB to transmit some signal other than CRS in some almost blank subframes as identified in [4]. Thus, further study is needed to check whether this subframe- specific RLM is sufficient or further resource restriction is needed for RLM. We note that the subframe-wise RLM is not sufficient at least for the lightly-loaded PDCCH approach where it is possible for HeNB to transmit DL signal at any subframe.
4. Conclusion
In this contribution, we compared various time-domain eICIC solutions from the perspective of interference avoidance and RLF. The following table provides the summary of the comparison result.

Table 1. Summary of time-domain eICIC solutions.

	
	Subframe alignment
	OFDM symbol shift

	
	No PDCCH
	Lightly-loaded PDCCH
	PDSCH symbol muting
	Consecutive subframe blanking

	MUE
	Control channels
	Interference from HeNB’s CRS
	Interference from HeNB’s CRS and control channels
	No interference

	
	Data channels
	Interference from HeNB’s CRS
	Interference from HeNB’s CRS and possibly control channels

	HUE
	Control channels
	Not transmitted in some subframes (almost blank subframe)
	Transmitted in every subframe with load control in some subframes
	Not transmitted in some subframes (almost blank subframe)
	Not transmitted in some consecutive subframes (almost blank subframe)

	
	Data channels
	
	Not transmitted in some RBs in some  subframes
	Some PDSCH symbols are muted in some subframes
	

	RLF avoidance
	Rel-8/9 MUE
	PDCCH+PDSCH RE muting in HeNB
	PDSCH RE muting in HeNB

	
	Rel-10 MUE
	FFS on how to restrict the resources on which RLM is performed.


From this comparison result, we propose the following for the time-domain eICIC in non-CA-based macro-femto deployment:

Proposal 1: HeNB’s subframe is shifted by a number of OFDM symbols relatively to that of MeNB.

Proposal 2: HeNB configures a number of consecutive subframes as almost blank subframe.
Proposal 3: HeNB mutes PDSCH REs that overlap with MeNB’s CRS to avoid Rel-8/9 MUE’s RLF.

Proposal 4: FFS on how to restrict the resources on which Rel-10 MUE performs its RLM procedure.
Figure 9 illustrates the overall operation of the proposed eICIC solution.
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Figure 9. An example of the proposed time-domain eICIC solution.

______________________________________________________________________
References
[1] R1-103427, WF on Identification of Co-channel Problem and Needs in Macro-Femto, CATT, CMCC, CATR, ETRI, HTC, Huawei, Intel, IIR, ITRI, KDDI, Kyocera, LGE, Motorola, NEC, New Postcom, Nokia, NSN, Qualcomm, RIM, Samsung, Toshiba, ZTE.
[2] RAN1 Chairman’s note.
[3] R1-104245, Lightly-scheduled description for Macro-Femto discussion, Motorola.

[4] R1-104256, eICIC solutions details, Qualcomm.

[5] R1-103713, Views on PDCCH interference mitigation for het-nets, Texas Instruments.

[6] R1-103561, Improving control reliability in severe interference conditions, Qualcomm Incorporated.

[7] R1-103494, Analysis of Time-Partitioning Solution for Control Channel, CATT.

[8] R1-103861, Evaluation of PDCCH Interference Mitigation in LTE-A, Intel Corporation (UK) Ltd.

[9] R1-101122, Downlink Control Protection in LTE, Motorola.
[10] R1-104049, Discussion on Enhanced ICIC Schemes for Control Channel in HetNet, Fujitsu. 
[11] R1-104659, Evaluation of control channel coordination in co-channel CSG deployment, LG Electronics. 
[12] R1-103560, Enabling communication in harsh interference scenarios, Qualcomm Incorporated. 
[13] R1-104036, Investigation on CRS interference to Downlink Control Channel, NTT DOCOMO.

[14] R1-103458, Analysis on the eICIC schemes for the control channels in HetNet, Huawei.

[15] R1-104660, Impact of CRS interference in HetNet, LG Electronics.
[16] R1-103562, Data channel ICIC and the benefits of possible extensions, Qualcomm Incorporated.

































































































































PAGE  
7

