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1 Introduction

In RAN1 #61 meeting, it was observed that increasing small cell selection/handover bias increases the average spectral efficiency but leads to increased CCH outage probability in the Macro-Pico case. In addition, the dominant interference condition has been shown when Non-CSG/CSG users are in close proximity of Femto-eNBs ‎[1]. Both time domain (TDM) and frequency domain (FDM) solutions have been proposed as non-CA based mechanisms of HetNet deployments. In ‎[2] we have given some preliminary analysis on these candidate solutions. Further analysis with the aid of simulation is presented in this contribution. 

2 Enhanced ICIC schemes for the control channel
Severe interference levels should be taken into account when evaluating the feasibility and validity of different eICIC schemes. In the Macro-Pico case, with large cell selection/handover bias, Pico edge UEs will suffer high interference from Macro cells; while in the Macro-Femto case, non-CSG UEs close to the Femto-eNB will experience much lower SINR conditions. 
Interference coordination is very important to control channels to ensure good quality. Both orthogonal and partially orthogonal schemes in either the time domain or the frequency domain have been proposed for the control channel interference coordination ‎[2]-‎[6]. We will discuss these schemes in Section 2.1 and 2.2.
2.1 Time domain schemes for control channel
In ‎[2], the characteristics of partially orthogonal schemes e.g. time domain solutions for control channel have been analyzed. In this contribution some simulation results are presented to see clearly the performance of control channels as well as the data channels for the victim UEs with time domain solutions.
2.1.1 Configured by MBSFN subframes 

In this solution, the aggressor cell uses the MBSFN subframe to reduce the interference to the co-channel control channel in the victim cell layer. By this solution, the interference to the control channel of the victim UEs from the control channel and CRS of the aggressor cell still exists. 
Figure 1 shows the performance of the suffered PDCCH at the victim cell under the most benign case where the aggressor cell’s PDCCH has only 1 OFDM symbol. Here besides the interference introduced by the aggressor cell’s CRS to PDCCH, 20% resource elements (RE) of one PDCCH in the victim cell is assumed to suffer interference from the aggressor cell control channels. In addition, the xdB (x equals 0/6/9/12) in the legend denotes the ratio between the received interference power and the received signal power of CRS (called “interference value” here). The robust 8 CCE level PDCCH in the victim cell is used and other simulation assumption is given in table A1. 
It can be seen that the performance of PDCCH degrades with the increased interference value. The joint decoding of PCFICH and PDCCH in the victim cell is assumed here. Note that the PCFICH is concentrated on the first OFDM symbol and suffers heavier interference. When the interference value rises to 9dB or higher which is a usual scenario for non-CSG UEs in the Macro-Femto case, an error floor would occur. 
Observation:

Even if the 8 CCE level is used in the victim cell, the interference to the PDCCH of victim UEs from the CRS and PDCCHs on the first symbol from the aggressor cell is intolerable for the Macro-Femto case or the Macro-Pico case with large cell selection/handover bias. 
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Figure 1. Impact of configured MBSFN subframe on PDCCH BLER performance
In addition there are some other problems with this method, including:

(1) Interference on the common channels such as SCH and PBCH still exists.

(2) Fluctuation on the measurement and the unnecessary RLF trigger as discussed in ‎[3] still exist. UE measurements could be restricted to certain subframes, however this does not benefit Rel.8/9 UEs.

2.1.2 Configured by almost blank subframes 

In this scheme, some subframes are configured at the aggressor cell to only carry CRS in the whole subframe region, in order to reduce the interference to the co-channel PDCCH in the victim cell. However the victim UE’s PDCCH and PDSCH as well as PCFICH would still suffer the interference from the aggressor cell’s CRS. The performance of the victim PDCCH is shown in Figure 2 with the simulation assumptions kept the same as in the MBSFN case. The joint decoding of PCFICH and PDCCH in the victim cell is assumed here. It can be seen that the PDCCH performance at the victim cell is unsatisfactory when the interference value is 9dB or higher. 
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Figure 2. Impact of configured almost blank subframe on PDCCH BLER performance
Observation:

Even if the 8 CCE level is used, the interference to the PDCCH of victim UEs from CRS on the first symbol of the aggressor cell is intolerable for the Macro-Femto case or the Macro-Pico case with large cell selection/handover bias.
In addition unlike the MBSFN case where there is no CRS in the PDSCH region of the aggressor cell, CRS would be carried in the whole subframe region in this scheme. This results in the interference from the CRS to the victim cell’s PDSCH. Figure 3 shows the performance of the victim cell’s PDSCH interfered by the aggressor cell’s CRS with different MCS levels. The simulation assumptions are listed in table A2 and correct PDCCH decoding is assumed. From the right sub-figure, it can be seen that for the case of 16QAM modulation and 1/2 coding rate, there is an error floor for 6dB or higher interference level. On the other side, for the left sub-figure, when QPSK and 1/3 coding rate is used, it seems that the interference value larger than 12dB may not be workable, e.g., for non-CSG UEs, the PDSCH performance loss can not be ignored. 
Observation:

The heavy interference from CRS to PDSCH results in not being able to use higher order modulation for the Macro-Pico case and for the Macro-Femto case, this scheme may not work even using lower order modulation since much lower SINR condition is a usual scenario.
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Figure 3. Impact of configured almost blank subframe on PDSCH BLER performance
The performance of the victim PDCCH and PDSCH could be improved if the UE is enabled with the capability to detect and cancel the neighbour cell’s CRS, however this would require a lot of work in RAN4 and would not benefit Rel.8/9 UEs. Furthermore, if the UE is equipped with this capability, the different coverage and handover for Rel.8/9 UEs and Rel.10 UEs and the corresponding serious UL inter-cell interference among them would also occur as analyzed in ‎[2].  

In addition to the PDCCH and PDSCH problems shown above, there are several other issues including: 
(1) The collision between the common channels and fluctuation on measurement and unnecessary RLF trigger are the same as the MBSFN case.
(2) There is more restriction on the uplink (UL) scheduler and HARQ due to the absence of the UL grant or PHICH within the almost blank subframes. To solve this problem, PHICH could also be transmitted in the almost blank subframe with introducing more interference to the victim cell PDCCH in addition to the CRS. 
2.1.3 Time shifting (OFDM symbol shifting and/or Subframe shifting)  

In this solution, the interference from the aggressor cell PDSCH/control channel and CRS to the victim cell’s control channel/PDSCH should be considered, as shown in Figure 4. 
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Figure 4. Time shifting solution (upper: the aggressor cell, lower: the victim cell) 
Here if CRS introduces the interference to the victim cell PDCCH, the impact of this interference introduced on the PDCCH performance is similar as the former cases. That is even 8 CCE level is used, the interference to the PDCCH of victim UEs only from CRS on one symbol from the aggressor cell is intolerable for the Macro-Femto case or the Macro-Pico case with large cell selection/handover bias.
To show whether the solution such as “robust MCS selection” as suggested in ‎[4] is feasible to solve the interference from the aggressor cell control channel/CRS to PDSCH, a simple simulation has been preformed. Here the control channel region size is assumed to be two for both the victim cell and the aggressor cell and correct PDCCH decoding is assumed. Other simulation configuration is the same as listed in table A2. The left sub-figure shows when QPSK and 1/3 coding rate is used, there is an error floor when the interference value is 9dB or higher resulting in serious PDSCH performance loss for the Macro-Femto case or Macro-Pico case with large bias. On the other hand for the case where 16QAM and 1/2 coding rate is used, there always be an error floor no matter what the interference value is.
Observation:

Similar as the case configured by almost blank subframe, from the degraded PDSCH performance perspective, the scheme “time shifting” may not be used for the Macro-Femto case since much lower SINR condition is a usual scenario, and restrict the modulation used in the Macro-Pico case.
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Figure 5. Impact of time shifting on PDSCH BLER performance

In addition to the victim PDCCH and PDSCH performance shown above, there are some additional issues with this scheme including:
(1) It would introduce more restriction on TDD systems. To ensure the aggressor cell DL/UL subframes would not overlap with the victim cell UL/DL subframes respectively, only configuration 0/1/2/6 could be used and the GP should be reduced accordingly.

(2) The impact of introducing the additional OFDM symbol-level shifting on the synchronization requirements between different cell layers in TDD system especially for the Macro-Femto case might be FFS for RAN4.
(3) Possible solutions such as power reduction or muting to solve the interference from the aggressor cell PDSCH to the victim cell PDCCH might increase the scheduling and power control complexity or damage the performance of Rel.8/9 UE at the aggressor cell side.
2.1.4 Other combined TDM schemes

Some combined TDM schemes such as “configured by MBSFN subframe” with “time shifting” (Figure 6a), “configured by almost blank subframe” with “time shifting” (Figure 6b) as well as the combined “almost blank subframe” and “MBSFN subframe” with “time shifting” (Figure 6c) are shown in Figure 6.  The time shifting can be done at the subframe-level or subframe-level plus OFDM symbol-level.
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Figure 6. Combined TDM solutions
Based on the above analysis, as long as the MBSFN subframe or the almost blank subframe is used in these combined TDM schemes, the fluctuation on measurement and the unnecessary RLF triggering would occur. In addition, if the almost blank subframe is used, the issues such as the impact of whether the aggressor cell’s PHICH is presented or absence, the extra capability with UE to detect and cancel the neighbour cell’s CRS as well as different coverage and handover between Rel.8/9 UEs and Rel.10 UEs still exist. On the other hand, some issues of time shifting such as restriction on TDD systems and synchronization requirements in RAN4 also exist.
2.2 Frequency domain schemes for control channel
From the frequency domain perspective, carrier aggregation (CA) based solutions are attractive for scenarios with large availability of spectrum and UEs with CA capability ‎[5]. One example is shown in Figure 7 by which the cell edge user in the victim cell could be scheduled in the bandwidth which corresponds to the one with low power (including zero power) in the aggressor cell. 
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Figure 7. CA based solution to avoid control channel interference
On the other hand, as stated in eICIC WID, non-CA (i.e., co-channel) based solutions are important to enable efficient HetNet deployments with small bandwidth availability and UEs without CA capability. The following figure 8 shows the structure of one kind of non-CA based FDM solution(, where the control channels at the different cell layers are orthogonal in frequency domain. Furthermore, the control channel bandwidth can be configured based on the traffic requirements, and the sum of the control channel bandwidth from the two layers can be less than the total data channel bandwidth.
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Figure 8. Non CA-based FDM solution to avoid control channel interference

Compared to the time domain solutions, non-CA based FDM solution have some obvious benefits:
(1) Total orthogonality between the control channels as well as the common channels such as PBCH/SCH in the difference cell layers is available. 
(2) Control channels and CRS can be located only on the partial bandwidth, so no interference on the victim cell control channels is present from the control channels and CRS of the strong aggressor cell .
(3) The same coverage/handover for Rel.8/9 and Rel.10 UE can be kept since CRS interference is not in existence in the victim cell control region.
Moreover, for some narrow bandwidth scenarios (e.g., 5MHz or 10MHz), the non-CA based FDM solution has some other beneficial characteristics as following:

(1) The non-CA based FDM solution can fully utilize the frequency resources. For example, when the total bandwidth is only 5MHz, if by CA-based solution, only 3MHz and 1.4MHz could be supported, and so 0.6MHz bandwidth would be wasted. On the other side, for the non-CA based FDM case, less frequency resources would be wasted and the data channel could be scheduled on the whole bandwidth.
(2) Only one PDCCH (and A/N) is enough to schedule the whole bandwidth, compared to two for the CA based solution is used. 
(3) The same MAC procedure and system information maintenance as a single carrier component (CC) in R8 is maintained. 
(4) The UE does not need to have CA capability to support the whole bandwidth transmission.

Therefore CA based would be used for larger bandwidths and non-CA based on smaller bandwidths. Further note that both CA based carrier splitting and the non-CA based FDM scheme do not introduce new system bandwidth for PDSCH (or PDCCH) that would require RAN4 testing. This is in contrast to the carrier type “segment” investigated previously in RAN4. 
In addition, for the non-CA based FDM scheme, to keep the backward compatibility with Rel.8/9 UEs, one “virtual” DC carrier will be inserted in the control region and “two zero frequency points” would occur as pointed out in ‎[6]. In this case, the index for PRB mapping of Rel.10 UE can be obtained according to the same rules for the resource mapping of Rel.8/9 UEs in the bandwidth with the backward compatibility, and the PRB numbering for Rel.10 can be continued in the remaining bandwidth, by taking the true DC into account. 
Hence, non-CA based FDM solution is a promising solution due to good control channel performance, and can be regarded as complementary to the CA-based solution in the narrow bandwidth scenario. 
3 Conclusion
In this contribution, the candidate enhanced ICIC solutions to support HetNet are analyzed further with the aid of some simulation results. Based on the given discussion and analysis, it is observed that 
· The TDM schemes have limited applicability due to the interference on PDCCH and PDSCH in the victim cell for the Macro-Femto case and the Macro-Pico case with large cell selection /handover bias.
· The non-CA based FDM solution is a promising solution due to the good control channel performance, and can be regarded as complementary to the CA-based solution in the narrow bandwidth scenario.
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Appendix: simulation assumption
Table A1 Simulation Assumptions for Figure 1 and Figure 2
	Simulation parameters
	Value

	TX ports
	2

	Channel bandwidth
	10MHz

	Control region size for the victim cell
	2 symbols

	Control region size for the aggressor cell
	1 symbols

	Aggregation level
	8 CCE

	DCI format
	Format 1

	FDD payload (w/o CRC)
	31 bits

	Channel coding
	1/3 rate TBCC with rate matching

	Physical channel processing
	According to Sections 6.7 and 6.8 of 36.211

	PHICH duration
	Normal, that is only the first OFDM symbol is allocated to PHICH 

	Number of PHICH groups
	Ng=1

	Cyclic prefix
	Normal

	Scheduling rate
	Ten subframes per radio frame (all subframes occupied)

	Channel model
	EPA

	Channel estimation
	Wiener channel estimation


Table A2 Simulation Assumptions for Figure 3 and Figure 5
	Simulation parameters
	Value

	Channel Model
	EPA

	Number of Tx antennas
	2

	Number of Rx antennas
	2

	Number of Cell-specific RS antenna ports
	2

	Channel estimation algorithm 
	Wiener 

	Scheduled PRB number for UE
	4













































































( Another kind of non-CA based FDM solution is R-PDCCH-like scheme. However, R-PDCCH-like scheme is only really useful if all UEs are Rel-10. Further it does not have all the benefits of the non-CA based FDM solution described below.
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