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1 Introduction

Non-carrier aggregation-based eICIC can offer benefits in heterogeneous network deployments when bandwidth is not available for a carrier-aggregation-based solution. Different non-CA-based solutions were considered in Rel-10, including power-control, time-domain, and frequency-domain solutions. A property of the time-domain solution based on TDM resource partitioning is that there is the potential for significant damage to control channel demodulation. The damage is generally greater the more a UE is forced to associate with a much weaker pico cell. Therefore, depending on the agreed benefit of such association, ensuring high reliability of control/common channels including PBCH, PSS, SSS, Paging (PCH) and SIB1 may be needed in heterogeneous networks [1].
This contribution expands on the discussion of the interference sources given in [2] for each control channel and the several solutions in the context of FeICIC to enhance the detected performance. In addition, the impact that these solutions have on TDM resource partitioning is examined. As stated in [2], a single solution is not effective for all types of interference seen on the control/common channels.
2 Interference Sources
The sources of interference on the control channels observed at a UE vary depending on system configuration. Assuming that both the target (victim) cell and interfering (aggressor) cell have the same cyclic prefix, bandwidth, TDD/FDD frame configuration, and carrier frequency, the interference may vary if the system is
· Subframe synchronous: where subframes of both target (victim) cell and interfering (aggressor) cell occur simultaneously but do not necessarily have the same subframe number, and
· Frame synchronous: subframe synchronized but have subframe 0 occurring simultaneously in each cell. Note that the term non-frame synchronized implies that subframe synchronous but subframe 0 does not occur simultaneously in both the target and interfering cells.
2.1 General interference sources
In Table 1, the entry for common reference signal (CRS) interference indicates that the interference can affect certain resource elements (REs) of a channel and/or the reference signals. 
Table 1. “(” identifies channels and signals that can interfere with the target control channel [non-frame synchronous systems] while “(” is used for frame synchronous systems. 
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A full explanation of the interference is presented in [2].

2.2 Interference Effects with ABS
While Table 1 presents the sources of interference for the general case, Table 2 lists the interfering sources for FDD deployments when the interferer has ABS enabled for a particular subframe (subframes 1, 2, 3, 6, 7, 8) and is frame synchronized with the target cell. Except for the CRS, the remaining REs within an ABS-enabled subframe are zero powered. The term “zero-power ABS” is used to distinguish this from the TDM technique described in the next section.
Table 2. Interference sources when the target and interfering cells are frame synchronous. “(” denotes interference during a non-ABS subframe while “(” denotes interference during an ABS subframe.
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Table 2 shows that the combination of ABS and frame synchronization varies the sources of interference seen as a function of time. 

2.3 Interference Effects with Reduced Power ABS
One of the recent contributions presented results using reduced power ABS [4]. During an ABS subframe, the interfering cell transmits PDSCH and control channels (PDCCH, PCFICH, PHICH) at reduced power. A similar identification of interference is performed in Table 3. Since reduced power ABS is not standardized, UEs associated with the aggressor (interfering) cell cannot process PDSCH when reduced power ABS is enabled However, UEs in the target cell can receive PDSCH from the interfering (aggressor) cell.
Table 3. Interference sources when the target and interfering cells are frame synchronous. “(” denotes interference during a non-ABS subframe while “(” denotes interference from zero-powered ABS and ( denotes reduced power interference during an ABS subframe.
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3 Tx-based FeICIC solutions

Several Tx-based FeICIC solutions based on the coordination between target cell and interfering cell are presented and evaluated. These solutions can be used individually or combined. Table 4 summarizes each solution by examining the benefits to each channel when ABS is disabled, zero power ABS is used, and reduced power ABS is enabled. A detailed explanation of each solution is presented following the table. The column R10 indicates compatibility to Rel. 10 – most of these solutions are already can be enabled by the standards.
Table 4. Summary of Tx-based solutions. The diamonds for the PSS/SSS, PBCH, PCFICH, PDDCH, PHICH and Paging columns signify reduction in interference. R10 indicates compatibility to Rel. 10. The synch column indicates type of subframe synchronization. 
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	Type of ABS
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	Notes
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· Proposal 1: With support for FDD and TDD systems, coordinating the Tx power for PBCH of the aggressor cell should be used for baseline improvements of PSS/SSS and PBCH in the victim cell.
3.1 Time shifting

Time shifting ensures the transmission resources of common channels/signals of interfering cell not collide with that of the target cell. With time shifting, the interfering and target cells are non-frame synchronized. For the FDD system shown in Figure 1, a three subframe shift between target cell and interfering cell replaces the interference seen on the PBCH, PSS, and SSS with PDSCH interference. Note that CRS interference is not eliminated on the PBCH. For TDD systems, due to strict synchronization requirements and UL-DL subframe configuration restrictions, the time shifting scheme does not mitigate interference for certain common channels/signals. 
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Figure 1. Time shifting for the interference coordination of common channel/signals.

Although time shifting alone does not mitigate interference for paging/SIB1, combining time shifting with ABS in the interfering call can reduce the interference for the control symbols (PCFICH, PHICH, PDCCH) within the target cell as well as eliminating PDSCH interference on paging/SIB1. 
3.2 Coordination transmission

With coordination transmission, the transmission of certain control channels/signals will be coordinated in order to avoid or mitigate the interference. 

3.2.1 PBCH, PSS/SSS

As shown in Figure 2, the interfering cell can intermittently transmit PBCH and PSS/SSS to protect the target cell’s PBCH and PSS/SSS transmissions, assuming frame synchronization. This technique reduces the amount of interference seen on those signals but may not fully eliminate the interference. A variation of this solution is muting or reducing the transmit power on PBCH, PSS, and SSS at the interfering cell. For coordination transmission, the interfering cell may sacrifice some transmission occasions of common channels/signals. As a result, it will decrease the detection performance and increase the latency for the UEs (both the Rel-8 UEs and Rel-11 UEs) in the interfering cell. 
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Figure 2. Coordination transmission of PBCH, SCH (PSS/SSS) and SIB1.

3.2.2 Paging (PCH)/SIB1

Coordinated transmission can also be applied to the PCH and SIB1. By coordinating which RBs are used for PCH and SIB1 between the interfering and target cells, PDSCH interference can be reduced on those channels. Note that coordinated transmission does not manage interference on the PDCCH, PHICH, and PCFICH. In addition, by reserving RBs, the throughput on the interfering cell may be reduced.
4 Rx-based FeICIC solutions
These solutions are implemented at the UE. The effectiveness of these solutions is based on how much information about the interfering cell is available. Examples of the information include the number of antenna ports, cell id, and subframe offsets (if used). Table 5 summarizes each solution by examining the benefits to each channel when ABS is disabled, zero power ABS is enabled, and reduced power ABS is used. A detailed explanation of each solution is presented following the table. As with the Tx-based solutions, most of the solutions can be implemented without any changes in the standard.
Table 5. Summary of Rx-based solutions. The diamonds for the PSS/SSS, PBCH, PCFICH, PDDCH, PHICH and Paging columns signify reduction in interference. R10 indicates compatibility to Rel. 10. The synch column indicates type of subframe synchronization. IC denotes interference cancellation. 
	Solution
	Type of ABS
	Synch.
	R10
	PSS, SSS
	PBCH
	PCFICH
	PHICH
	PDCCH
	Paging
	Notes
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	[i] UE would benefit if cell ids of interfering CRS were provided
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· Proposal 2: Since CRS muting is a well-defined technique, it should provide the baseline for gauging PDCCH and PCH/MIB improvements in receiver based solutions.
4.1 CRS Discarding
For PBCH, PDCCH, PCFICH, PHICH, and PCH/SIB1, certain REs are corrupted by CRS interference. It may be possible to set the soft information of affected REs to zero (zero-value log-likelihood ratio) before decoding. Note that for certain cases, there may be a performance loss.

4.2 Interference cancellation (IC)
While three types of solutions are presented below, more IC schemes may be available.
4.2.1 Cancellation on the PSS/SSS
Since the PSS/SSS are well defined signals, interference cancellation may be effective when the target and interfering cells are frame synchronous. Since these signals have desirable correlation properties, a receiver estimates the channels between the interfering cell and UE and the target cell and UE for IC. 
4.2.2 CRS cancellation

Once the UE knows parameters of the interfering cell, i.e., the cell id, number of antenna ports, and the channel, the effects of CRS interference can be minimized on the received signal. Unlike discarding, cancellation removes a CRS bias on those affected REs before detection. This processing is performed on a symbol-by-symbol basis based on the number of antenna ports the interferer has and can be applied for all channels affected by CRS interference.
4.2.3 PBCH cancellation

If the target and interfering cells are frame synchronous, the interference seen on the PBCH is a combination of PBCH and CRS. Because the QPSK modulation is used for PBCH, an IC scheme can attempt to cancel the interference due to PBCH. Because two of the four PBCH-bearing symbols contain CRS, interference cancellation could be performed on the other two symbols without knowing the vshift of the interfering eNB. This solution may be more effective if the transmit power of the PBCH is constant (the cancellation may not be effective if the technique from Section 3.2.1 enabled).
5 Combined Tx-Rx FeICIC solutions

These solutions require changes at both the eNB and UE, which may affect legacy users. Table 6 summarizes each solution by examining the benefits to each channel when ABS is disabled, zero power ABS, and ABS with reduced power PDSCH. A detailed explanation of each solution is presented following the table. 
Table 6. Summary of combined solutions. The diamonds in the PSS/SSS, PBCH, PCFICH, PDDCH, PHICH and Paging columns signify reduction in interference. The synch column indicates type of subframe synchronization.

	Solution
	Type of ABS
	Synch.
	PSS, SSS
	PBCH
	PCFICH
	PHICH
	PDCCH
	Paging
	Notes

	Cross-node transmission
	None
	Subframe
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	Note [a] from Table 4, Note [j]
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	Note [b] from Table 4, note [j]

	Cross-subframe scheduling
	None
	Subframe
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	[k] PDSCH transmissions benefit

	
	Zero power
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	Note [a] from Table 4, Note [k]
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	New PBCH, PSS/SSS
	None
	Subframe
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	[m] reduced PDSCH interference possible if coordination between aggressor and victim cell used

	
	Zero power
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	Note [a] from Table 4, note [m]
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	Note [b] from Table 4, note [m].

	New PDCCH, e.g., ePDCCH
	None
	Subframe
	
	
	
	
	(
	
	[n] CRS interference is not reduced

	
	Zero power
	Subframe
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	Note [a] from Table 4, note [n]

	
	Reduced power
	Subframe
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	Note [b] from Table 4, note [n]

	CRS muting
	None
	Subframe
	
	
	
	
	
	
	[o] CRS pattern needed to enable feature or detected

	
	Zero power
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	Note [a] from Table 4, note [o].
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	Note [b] from Table 4, note [o]


5.1 Cross-node transmission

In cross-node transmission, the content conveyed by the target cell’s common channels can be transmitted by the interfering cell. The victim UE can receive the messages from the interfering cell to acquire the contents of PBCH, SCH, Paging and SIB1. This scheme can apply to both FDD and TDD systems. However, the overhead of information exchange between the target cell and interfering cell may be large. Moreover, the victim UE will need some time to listen messages from the interfering cell. As a result, new message formats and listening mechanisms may be needed to use this solution.
A variation of this approach is for the aggressor cell to convey the PCFICH of the victim cell through messaging. 
5.2 Cross-subframe scheduling
With cross-subframe scheduling, the PDCCH information for Paging and SIB1 could be transmitted on two subframes: the same subframe used for PCH and SIB1 (for legacy users) and an earlier subframe that is protected, e.g., by ABS. Thus, a new release UE can reliably detect the control channel on that protected subframe, and then detect PDSCH for Paging/SIB1 transmission on a subsequent subframe.

This scheme will consume more control channel resources and require modifications of the DCI to support cross-subframe scheduling. Moreover, this technique does not mitigate interference on the PBCH, PSS, and SSS or due to CRS. Also how PHICH is handled requires additional investigation.
5.3 New transmission resources/channels for common channels/signals

For this scheme, the target cell can transmit common channels/signals on newly defined resources/channels. In addition, the interfering cell can mute or reduce transmit power on those resources to lessen the interference. With these new resources/channels, the interference sources may be different. For example, if the target cell transmits PBCH and SCH on a different subband, the victim UE should detect the PBCH, PSS, and SSS on that new resource. Similarly, the information conveyed by the PDCCH can be sent on an enhanced PDCCH.

5.4 CRS Muting

This scheme is a technique to mitigate the interference from CRS. As described in [3], the data mapping and de-mapping of the victim UE’s PDSCH will skip those REs which are heavily interfered by CRS from the interfering cell. As a result, by dropping the polluted REs during transmission and receiving, the effects of corrupted soft information will not significantly affect decoding performance. Due to support of legacy UEs, this technique should not be applied to the paging and SIB transmissions. This technique requires information about the muting (number of antenna ports and which vshift was used from the interfering eNB) be supplied to the UE.
6 Conclusions

In this contribution, several FeICIC solutions (including Tx-based, Rx-based, combined Tx-Rx solutions) are described that can improve the detection performance of control channels in the presence of interference. Although the sources of interference are somewhat predictable for the control channels, there are many parameters, both static and dynamic, that affect the types of interference seen. 
When these solutions are coupled with ABS and ABS with reduced powered payloads, the effects of interference are harder to gauge because a large range extension can overwhelm the benefits of any solution. To evaluate each potential solution, the performance under a variety of cell configurations for the interfering and target cells should be considered. Since the Tx-based solutions require little modification at the UE, they should be considered as the starting point for FeICIC evaluation. 
· A single solution may not be effective for all types of interference seen on the control channels/signals.
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