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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 channels/signals including PBCH, PSS, SSS, Paging and SIB1 may be needed in heterogeneous networks [1].
This contribution discusses the interference sources on each control channel/signal and then presents several solutions in the context of FeICIC to enhance the detected performance of the common control channels/signals in interference [2]. One key point is that a single solution is not effective for all types of interference seen on the control channels/signals.
2 Interference Sources
Due to the LTE frame structure, the sources of interference on each control channel/signal can be identified when both the target cell and interfering cell have the same cyclic prefix, bandwidth, TDD/FDD frame configuration, and carrier frequency. Table 1 lists the sources of interference (in columns) for the target channel (each row). The entries are for both
· Subframe synchronous systems where subframes of both target cell and interfering cell occur simultaneously but do not necessarily have the same subframe number, and
· Frame synchronous systems are subframe synchronized but have subframe 0 occurring simultaneously in each cell. Note that the term non-frame synchronized implies that subframe 0 does not occur simultaneously in both the target and interfering cells.
In the table, 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 control channels/signals that can interfere with the target control channel [subframe synchronous systems] while “(” is used for frame synchronous systems. 
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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 and is frame synchronized with the target cell. The table lists the sources when ABS can be enabled (subframes 1, 2, 3 6, 7, 8) and when ABS cannot be enabled (subframes 0, 4, 5, and 9).
Table 2. Interference sources assuming that the interferer is frame synchronous and has ABS enabled on subframes 1, 2, 3, 6, 7, 8 (FDD system). “(” identifies interfering control channels/signals during an ABS subframe while “(” is used for non-ABS subframes. 
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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. The next sections describe the interference sources for each of the target channels/signals assuming that there is one dominant interference source. 
2.1 PSS/SSS and PBCH
These signals and channels have well-defined interference sources for frame synchronized systems. In contrast, for non-frame synchronized systems, the interference can be from PDSCH [when present]. CRS interference is always present on the PBCH.
2.1.1 Primary Synchronization Signal (PSS)
If the target and interfering cells are frame synchronized, the PSS of the interfering cell can limit the detection of the physical-layer identity 
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 conveyed by the PSS. When the target and interfering cells have different 
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, a UE may have ambiguity in associating the detected 
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 with the target cell.

2.1.2 Secondary Synchronization Signal (SSS)
One challenge for the SSS detector is determining the target cell id when SSS interference is present. For each value of 
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 obtained by processing the PSS, there are 168 possible values of 
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. The detector may produce as list of cell ids which would have to be evaluated. Regardless of the 
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 value, the UE must decide between two possible cell ids (one for the target cell while the other is for the interfering cell). 
2.1.3 Physical broadcast channel (PBCH)
One complication for the PBCH is during acquisition, the UE may be unaware of the number of antenna ports used by the interfering cell. Consequently, the UE may not know which antenna ports are causing CRS interference. Furthermore, the effects of CRS interference can be different for frame synchronized and non-frame synchronized systems because the mapping of PBCH onto REs is based on 4 transmit ports regardless of the number of ports actually used. As a result, for non-frame synchronized systems, the REs that potentially can be affected by CRS interference (which is QPSK modulated), may actually be PDSCH interference based on 16-QAM or 64-QAM modulation. 
When the interferer and target cells are frame synchronized, most of the interference is based on QPSK modulation.
2.2 Control region (PCFICH, PHICH, PDCCH)
The interference sources affecting the control region, which spans first one to three symbols of a subframe, are complicated due to static and dynamic parameters of both the target and interfering cells:

1. Static parameters include the cell ids, the number of antenna ports, PHICH Ng, and the extended PHICH duration (if used).
2. Dynamic parameters include the number of control symbols in each subframe, whether ABS is enabled in the interfering subframe, the occupied PDCCH resources, the occupied PHICH resources, and possibly PDSCH.
Observation: The interference patterns seen in the control symbol are dynamic due to the differences in cell configuration and loading.
2.2.1 PCFICH
PCFICH always encounters CRS interference. When ABS is enabled at the interfering cell, that is the only interference encountered. For non-ABS subframes, PCFICH resource element groups (REGs) also have interference from some combination of PCFICH, PDCCH, and PHICH REGs. The interference due to PCFICH is determined by relationship of the cell ids between the target and interfering cells and can affect either 0, 2, or 4 PCFICH REGs in the target cell.
2.2.2 PHICH

CRS interference is present on PHICH but when extended PHICH duration is enabled in the target cell, the amount of CRS interference seen in a PHICH group (a set of 3 REGs) may vary. If ABS is enabled at the inteferer, the only interference for PHICH is due to CRS.

For non-ABS subframes, determining the interference sources is complicated. Besides CRS interference, certain PHICH groups may encounter interference from PCFICH REGs (if present, will always be present), PDCCH REGs (possibly occupied), and PHICH REGs (possibly occupied). When extended PHICH duration is enabled in the target cell, certain PHICH REGs in the second symbol may be affected by
· CRS interference if 4 antenna ports are used in the interfering cell.
· Possibly PDCCH if the number of control symbols in the interfering cell is greater than 1.
· Possibly PDSCH if the number of control symbols in the interfering cell is less than the number of control symbols in the target cell.
· Possibly PHICH if the interfering cell has extended PHICH duration enable. Note that PDSCH interference would not occur in this case.
For the third symbol, the interference sources listed above except are present for CRS interference.
2.2.3 PDCCH

The amount of CRS interference diminishes as the number of control symbols increase. Assuming that the nine resource element groups (REGs) of a control channel element (CCE) are distributed evenly across the control symbols, the estimated number of REGs of a CCE affected by CRS interference is presented in Table 3 as a function of the number of ports in the target and interfering cells. For example, if both the interfering cell and target cell have 2 ports and three control symbols are used, on average 3 REGs of each CCE experience interference from CRS. Note the actual number of REGs available in each symbol depends on the number of antenna ports in the target cell. 
Table 3. Average number of REGs within a CCE that can be affected by CRS interference.
	
	2 Ports in Target Cell
	4 Ports in Target Cell

	No. Control Symbols
	2 Ports Interfering Cell
	4 Ports Interfering Cell
	2 Ports Interfering Cell
	4 Ports Interfering Cell

	1
	9
	9
	9
	9

	2
	4.5
	9
	4.5
	9

	3
	3
	6
	3
	6


Although the overhead of PCFICH and PHICH, the effects of REG interleaving, and user space CCE selection can slightly change how REGs are distributed across the symbols, the trends in the table show that amount of CRS interference is greatest when the interfering cell has 4 ports.
Without ABS, the interference in the first symbol is due to REGs associated with PCFICH, PHICH, and PDCCH. Similar to the scenario with extended PHICH, PDCCH REGs in the second and third symbols have variable interference sources.
2.3 PCH/SIB
The contents of the paging channel (PCH) and system information block (SIB) are transmitted on the PDSCH. Hence, the PDSCH is affected by both CRS interference and PDSCH interference. Note that a limiting factor in PCH/SIB1 performance is the ability to detect PDCCH in order to determine where the PDSCH is located. When the interferer is frame synchronized, PDCCH, PHICH, and PCFICH interference seen on the control symbols because the interfering cell is transmitting its control for its PCH/SIB.
3 Tx-based FeICIC solutions

With an understanding of the interference sources, 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.
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. Note that because the ABS pattern should track the UL HARQ timing, the interfering cell may have to configure multiple ABS subframes within a radio frame. Figure 2 shows an example of time shifting with ABS. The interfering cell should configure at least two ABS streams (as shown by the red and blue lines in the figure). While effective in mitigating interference, excessive ABS subframes usage may lead to system capacity loss.
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Figure 2. Illustration of the protection of target cell’s SIB1 transmission.

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. 

As shown in Figure 3, 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 3. Coordination transmission of PBCH, SCH (PSS/SSS) and 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 would have to be implemented at the UE. The effectiveness of these solutions is based on how information about the interfering cell is available. Examples of the information include the number of antenna ports, cell id, and subframe offsets (if used).
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 before decoding. Note that for certain cases, there may be a performance loss.

4.2 Interference cancellation
While two 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. However, as mentioned in Sections 2.1.1 and 2.1.2, the IC scheme must consider the various permutations of the PSS/SSS patterns due the cell ids of the target and interfering cells.
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 applied for all channels affected by CRS interference.
5 Combined Tx-Rx FeICIC solutions

These solutions require changes at both the eNB and UE, which may affect legacy users.
5.1 Cross-node transmission

In cross-node transmission, the content conveyed by the target cell’s common channels/signals 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 the 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 period to listen messages from the interfering cell. As a result, new message formats and listening mechanisms may be needed to use this solution.

5.2 Cross-subframe scheduling
With cross-subframe scheduling, the PDCCH information for Paging and SIB1 is 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.

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, the target cell can transmit PBCH and SCH on a different subband, and the victim UE can 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. This technique can be applied to the paging and SIB transmissions. 
6 Conclusions

In this contribution, interference sources on each control channel/signal are discussed, and several FeICIC solutions (including Tx-based, Rx-based, combined Tx-Rx solutions) are described that can improve the detection performance of control channels/signals in the presence of interference. For the control channels/signals, the sources of interference are somewhat predictable. However, there are many parameters, both static and dynamic, that affect the types of interference seen. 

Tx-based solutions presented are based on currently available coordination schemes at the network side. Because each Tx-based solution has its benefits and drawbacks, a single solution may not be effective for all the interference seen on the common channels/signals. For the Rx-based FeICIC solutions, the UE needs to be modified with new capabilities. The addition of several different interference cancellation algorithms can increase the UE’s cost and complexity. Further, with the types of interference seen on the control channels/signal, IC may not fully mitigate the effects of interference. Similarly, the combined Tx-Rx solutions require changes at both the eNB and UE. 

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. However, the key point is
· A single solution may not be effective for all types of interference seen on the control channels/signals
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