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1 Introduction

During the 3GPP TSG RAN#47 meeting in Vienna, it was agreed ‎[1] the objective of the work item for eICIC is
· Identify and evaluate non-CA based strategies of heterogeneous network deployments, as well as determine the standardization work necessary to support enhanced inter-cell interference coordination solutions for control and data channels if need is identified (targeted for completion by RAN#49)  

· The study shall include consideration of Rel8/9 techniques and ensure backward compatibility for Rel8/9 terminals as well as minimize physical layer air interface impact
According to the simulation results in ‎[2], the DL control channel interference in the outdoor Pico scenario would be within the acceptable scope of workable requirements if no RE introduced or RE with a small bias value introduced whereas a larger bias value of RE introduction would cause negative effects on the DL control channel as well as increased ratio of unworkable UEs. Therefore enhanced inter-cell interference coordination solutions for control channels would be needed with RE with a larger bias value introduction or for control channel optimization requirements. In this contribution, the characteristics of several non-CA based candidate solutions to support HetNet is analyzed. 
2 Enhanced ICIC solutions for control channels
In homogeneous networks, some inter-cell interference randomization methods have been applied to control channels, however in HetNet, since a number of low power nodes (LPN) (e.g. Pico, Femto, Relay nodes, and etc) are overlaid by a Macro cell and the unbalanced transmitting power are provided between different cell layers, the control channels would suffer more serious interference than in the case of homogeneous networks.

To avoid transmitting aggressive information in the same time/frequency/spatial/code resources with the victim control channel is an efficient way to eliminate the interference especially the interference of control channels. In this contribution, the interference avoidance solutions could be categorized as totally orthogonal solutions and partially orthogonal solutions according to whether the control channel resources are totally orthogonal between different cell layers. Correspondingly, the standardization impacts of each solution are analyzed.
2.1 Totally orthogonal solutions
Here the control channel transmissions are totally orthogonal between different cell layers, so the inter-cell interference of control channel could be eliminated completely and accordingly good control channel performance can be obtained. From the orthogonal dimension perspective, at least two categories are included: Control channel shrinking (orthogonal in frequency domain) and TDMed control channel transmission (orthogonal in time domain).
· Control channel shrinking

For this method, shrinking the control channels (e.g. PDCCH) to only part of the whole bandwidth, and the control channel region in MeNB (Macro-cell eNB) and that in LPN ( taking Pico as an example in the next sections) are not overlapped in frequency domain. As an example in Figure 1, shrinking the control channel  of the Macro cell from the Rel.8 channel bandwidth configurations to the upper frequency range 
[image: image1.wmf]1

f

 of the whole bandwidth, and at the same time shrinking the control channel of the Pico cell from the Rel.8 channel bandwidth configurations to the lower frequency range of the whole bandwidth, 
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 are consistent with the Rel.8 channel bandwidth configurations. As a result, in the Macro cell, the downlink control/common channels (such as PCFICH, PDCCH, PHICH, PBCH, SCH) and CRS for both Rel.10 and Rel.8/9 UEs are transmitted in the 
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 frequency range. Naturally, the PDSCHs for Rel.8/9 UEs must be transmitted in
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 based on the requirement of backward compatibility to Rel.8/9, while all of the frequency bandwidth could be accessible for Rel.10 UEs. Similarly, for the Pico cell, the resources in 
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 are used to transmit downlink control channels for both Rel.10 and Rel.8/9 UEs, and the PDSCHs for Rel.8/9 UEs are only available in the 
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 frequency range while the whole bandwidth is available for Rel.10 UE PDSCH transmissions.
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Figure 1   Control Channel Shrinking for DL

It can be seen that the control channel shrinking makes the bandwidth of PDCCH smaller than PDSCH for Rel.10. Here PDCCH in smaller frequency range should have the ability to indicate downlink PDSCH transmission on both
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 for Rel.10 UEs. Therefore, the DCI formats for larger bandwidth might be used to support Rel.10 UEs even the associated PDCCH is on the smaller bandwidth and the                  usage need to be considered further.
Uplink control channels can naturally have the similar shape, as shown in Figure 2. In order to keep Rel.8 UE backward compatible, the Rel.8 UE uplink bandwidth as well as control channel (PUCCH, PRACH and SRS) should be located in the 
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 frequency range in the Macro cell and in the 
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 frequency range in the Pico cell. The distance between the centre frequency of 
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should satisfy the allowed TX–RX duplex separations that are defined in the Rel.8 specification. Simultaneously, the PUCCH resources for Rel.10 UEs could be configured in the same frequency range as Rel.8 PUCCH considering the scheduling flexibility and resource utilization efficiency of PUCCH.

With this uplink control channel structure, the PUCCHs from Macro cell and Pico cell are totally orthogonal to each other in frequency domain. Furthermore, the PUSCH resources of the whole bandwidth except those occupied by PUCCH could also be scheduled to Rel.10 UEs. Consequently, the shrunk PDCCH should also support the wider bandwidth PUSCH transmission. 

In addition, to avoid interference from neighbour cell PUSCH to the own PUCCH, Macro cell and Pico cell should be aware of the PUCCH resource allocation each other. Also the PRACH and SRS configuration in the Macro/Pico cell could be known by Pico/Macro cell for interference avoidance. 
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Figure 2 Control Channel Shrinking Solution for UL 
· 
TDMed control channel transmission between Macro cell and Pico cell

Other than totally orthogonal solution to solve control channel interference in the frequency domain, TDMed control channel transmission between Macro cell and Pico cell is a method of getting total orthogonality of control channels (PDCCH here) between Macro cell and Pico cell in time domain. For example, the Macro cell and Pico cell transmit downlink control channels in turn in the order of transmission time intervals (TTIs). In order to be totally orthogonal, the TTIs with special subframes where no downlink control channels are transmitted should also have not CRS overlapped with the other cell control channel region.

However, it is obvious that Rel.8/9 UEs could not identify the special subframes and the backward compatibility could not be satisfied which is inconsistent with the agreement proposed in [1].
2.2 Partially orthogonal solutions 
For partially orthogonal solutions, the control channels between different cell layers are not totally orthogonal to each other, and the inter-cell interference of control channels could not be eliminated completely. Thus the control channel performance is worse than in totally orthogonal solutions. Several candidate solutions are listed as follows.
· Configured by MBSFN subframes 

In this solution, MBSFN subframes with the minimum PDCCH region (1 OFDM symbol except for 1.4MHz bandwidth case) could be used to reduce interference to the co-channel PDCCH in the other cell layer. Macro cell and Pico cell can configure their MBSFN subframes in a cooperative manner in the time domain. One example is shown in Figure 3(a), where the Macro cell configures subframe N as MBSFN subframe with only one OFDM symbol used for the control region, while the Pico cell configures this subframe as a normal subframe with assuming three OFDM symbols in the control region. Thus, only one OFDM symbol in the control region at the Pico cell would suffer the interference from the Macro and as a result, the PDCCH performance at the Pico cell could be improved comparing with the situation that all of the three OFDM symbols are the victim.
Anyway, the interference suffered by PDCCH could not be avoided totally and data channel in the MBSFN subframe is only accessible to Rel.10 UE and not to Rel.8/9 UE. And since the subframe 0, 4, 5, 9 (for TDD, 0, 1, 5, 6) could not act as MBSFN subframes for they are totally or partly configured as paging, SCH, PBCH, etc subframes in a certain manner. The control channels such as PDCCH, PBCH, P/S-SCH would still be overlapped in these subframes.
· Configured by almost blank subframes

Here the almost blank subframe refers to the subframe that only carries CRS in the control region or the whole subframe region. Similar as the previous MBSFN one, the interference of the control channel could not be avoided totally due to CRS existence. The PDCCH /PHICH/PCFICH of one layer (esp. Pico cell) might still suffer the severe interference from the CRS that is transmitted from the other layer (Macro cell). 

In order to utilize all available data resources as much as possible, the cross-subframe scheduling could be used to extend almost blank subframe solution. One example is illustrated in Figure 3 (b). The concept of cross-subframe scheduling is that the PDCCH in the normal subframe could be used to indicate the scheduling decision of PDSCH/PUSCH in the almost blank subframes where no PDCCH exists. 

However this solution would not be feasible for Rel. 8/9 UEs and even for Rel. 10 UEs. Firstly, new DCI format might be needed to extend the dynamic scheduling duration or add “subframe indicator field” just like what has being done in cross-carrier scheduling configuration in carrier aggregation. Secondly, the HARQ timing relationship between the PDSCH and corresponding PUCCH ACK/NACK, the PUSCH and the related PHICH might be influenced seriously because the data traffic can be transmitted on each subframe while the transmission opportunities for the corresponding control channels (e.g. ACK/NACK) does not always exist.
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Figure 3 (a) Configure MBSFN Subframe                               (b) Configure almost Blank Subframe

(Upper: Pico, Lower: Macro)                                      (Upper: Pico, Lower: Macro) 

· Time shifting (OFDM symbol shifting and/or Subframe shifting) 

In ‎[3], time shifting solutions including OFDM symbol shifting and/or Subframe shifting were proposed to eliminate the control channel interference and/or other common control channels such as PBCH/P/S-SCH interference as depicted in Figure 4. It is found that the Pico cell’s control channels (PDCCH/PHICH/PCFICH) and CRS would still suffer interference from the Macro cell’s PDSCH (nay including CRS). Thus the interference management between the control channel and data channel would be needed For example,  Macro cell power reduction or muting on the portion of a symbol (or symbols) that overlapped the control region of the Pico cell in ‎[3]) could be used to decrease the interference from the Macro cell data channel to the Pico cell control channel.

Despite the said power reduction or muting might deal with some of the interference between the control channel and data channel, the scheduling and power control complexity would be increased. Besides, the performance of Rel.8/9 UEs served by the Macro cell would be damaged a lot due to unexpected muting or power reduction. Furthermore, the last several symbols (maybe including CRS) in one subframe of the Pico cell PDSCH region would also suffer the interference from the Macro-cell control region. Though it seems that the truncation and robust MCS selection could be used to deal with this interference, performance impact on the Rel.8/9 UE served by the Pico cell is introduced. In addition, this solution might be feasible for FDD system. While for TDD system, to ensure the Pico cell DL/UL subframes would not overlap with the Macro cell UL/DL subframes, only configuration 0/1/2/6 might be used which would restrict available configurations in TDD system.
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Figure 4  e-ICIC solutions-time shifting (upper: Macro, lower: Pico)
3 Analysis on Enhanced ICIC solutions for control channel
In the following section, all the above enhanced ICIC solutions are further analyzed including the backward compatibility with Rel.8/9, control channel performance, cell coverage, as well as other aspects.
· Backward compatibly and performance impact on the Rel.8/9 UE
From the physical layer point of view, almost all solutions except TDMed control channel transmission could maintain the backward compatibility to Rel.8/9. 
With the Rel.8/9 backward compatibility, each solution has its own characteristic. For the control channel shrinking solution, the data channel would also be shrunk for Rel.8/9 UEs, that is, the actual available bandwidth is the same as PDCCH and smaller than the whole bandwidth. On the other hand, for partially orthogonal solutions, since the interference to the control channels would still exist, the impact to manage this interference on Rel.8/9 UE performance might result in unworkable UEs. And as described above in the time shifting solution, possible solutions to solve the interference between control channel and data channel might increase the scheduling and power control complexity or damage the performance of Rel.8/9 UE a lot since the implementation could not be identified by Rel.8/9 UE. In addition, for the solution configured by MBSFN subframes, when the Pico cell is configured by MBSFN subframes, the UL performance loss of Rel.8/9 UE served by the Pico cell should be considered due to the suffered heavy interference from the Macro cell on UL grant and PHICH. 

As a result, from the backward compatibility and performance impact on the Rel.8/9 UE perspective, control channel shrinking would be better than other solutions.

· Control channel performance

Except the totally orthogonal solutions, for all partially orthogonal solutions, the inter-cell control channel interference is only mitigated to some extent and could not be eliminated completely. Besides, the interference between the common channels such as PBCH/PSCH/SSCH would still exist. As said above, it might be feasible in FDD system that the interference of the common channels could be eliminated through “subframe plus OFDM symbols” shifting, but it will bring tight constraint on DL/UL configuration and GP design in TDD system ‎[5]. For the other partial orthogonal solutions, transmitting common channels in turn between different cell layers might be used to avoid the interference, which would anyway extend the time delay for Rel.8/9 UEs to obtain these common channels as well as paging information due to the fixed location of PBCH/PSCH/SSCH/Paging as well as SIB1 in time domain.
Consequently, from the Control channel performance point of view, control channel shrinking would be better than the partial orthogonal solutions.

· Coverage/Handover for Rel.8/9 and Rel.10 UE 
As said above, with partially orthogonal solutions, it is possible in most cases that the downlink control channel will suffer the serious interference from the neighbour cell CRS. So the Rel.10 UE can be equipped with the capability to detect and cancel the neighbour cell CRS. However, the Rel.8 UE is not smart enough to do this. As illustrated in the following Figure 5, when RE (range expansion) in ‎[4] is used for the cell selection, the Rel.10 UE with the ability of detecting and cancelling Macro cell CRS could be served by Pico cell and work well. However, the Rel.8 UE has to select Macro cell as its serving cell because Macro cell CRS interference is intolerable if Pico cell is selected. For handover, the situation is similar. Consequently, coverage of Pico cell for Rel.10 UE (blue dotted circle region in the Figure 5) can be larger than that (green dotted circle region in the Figure 5) for Rel.8 UE. A bad situation is such kind of Rel.10 UE and Rel.8 UE is close to each other, which would result in serious UL inter-cell interference among them.

On the contrary, for the control channel shrinking solution, there is no interference between control channels and CRS as well as the same demodulation process of the control channels for Rel.8/9 and Rel.10 UE, which would result in the same coverage/handover for Rel.8/9 and Rel.10 UEs.
Therefore, due to the same coverage/handover of Rel.8/9 and Rel.10 UE , control channel shrinking would be better than other solutions.
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Figure 5  different Coverage/Handover for Rel.8/9 and Rel.10 UE
· Standard/ Implementation Complexity

Some special subframe configuration such as almost blank subframe needs to be defined for Rel.10 UEs and the HARQ timing relationship between PDSCH and PUCCH ACK/NACK, PUSCH and PHICH might be further studied due to absence of the control channels in the special subframe. This would result in the standard design more complex.
In addition, for all of the partially orthogonal solutions, since the interference of the control channels could not be eliminated completely, more advanced algorithms of interference cancellation might be needed and the implementation design complexity would be increased. 
As for Rel.10 UE complexity, for the control channel shrinking solution the above consideration is unnecessary. And the Rel.10 UE would not need to support multiple HARQs in DL which results in no more ACK/NACKs than Rel.8 UL.
So the control channel shrinking would cause the minimal standard/ implementation influence and Rel.10 UE complexity.
In summary, each of the candidate solutions has the characteristics as in Table 1.
Table 1     candidate solutions comparison
	Technical solutions
	Backward compatibility
	Legacy UE performance 
	Control channel performance
	Coverage/Handover for Rel.8/9 and Rel.10 UE
	Standard/ Implementation impact

	Rel.8/9 solutions without RE or with a small bias value of RE 
	Yes
	Medium
	Medium
	Same
	　

	RE with a larger bias value OR enhancements to ICIC performance
	Totally orthogonal solutions
	Control channel shrinking
	Yes
	Best
	Best
	Same
	Simple

	
	
	TDMed control channel transmission
	No
	Unworkable
	
	　
	　

	
	Partially orthogonal solutions
	Configured by MBSFN subframes
	Yes
	Better
	Better 
	Different
	Complex
[Note 1]

	
	
	Configured by almost blank subframes
	Yes
	Better
	Better
	Different
	Complex

	
	
	Time shifting
	Yes
	Better
	Better
	Different
	Complex
 [Note 1]


Note 1: Complex if more advanced algorithms of interference cancellation adopted.
4 Conclusion
According to the evaluation in ‎[2] and analysis given by this contribution on several perspectives including backward compatibility, Rel8/9/10 performance, and standard impact; we observe:
· If no RE is introduced or RE with a small bias value introduced, no control channel enhancement or physical layer air interface modification appears necessary.
· If RE with a larger bias value is introduced OR enhancements to ICIC performance to efficiently support highly variable traffic loading are desired,  the control channel shrinking solution is superior to partially orthogonal solutions for the following reasons. 

· Backward compatibly with Rel.8/9 UEs and good performance for the Rel.8/9 UE

· Total orthogonal control channel among cell layers and the common channel interference could be eliminated completely

· Same coverage and handover of Rel.8 and Rel.10 UEs and serious UL inter-cell interference among cells is avoided.

· Lower design/standard complexity and Rel.10 UE would not need to support multiple HARQ in DL which results in no more ACK/NACK than Rel.8 UL.
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