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1. Introduction

In [1], enhanced ICIC schemes supporting non-CA based HetNet deployment have been approved as one working item for LTE-A Rel-10. Though CA based HetNet deployment would need less standardization effort to mitigate the interference between Macro eNBs and Home eNBs, non-CA based solution will have universal applicability because it has minimum system bandwidth requirement for deployment. Several methods have been proposed by different companies to mitigate the interference in non-CA based HetNet deployment, such as [6],[7],[8],[9],[10]. This contribution reviews pros and cons for different proposals and proposes one solution to mitigate the interference in the PDCCH for co-channel HetNet deployment. 
2. Rel-8/9 ICIC
In Rel-8/9 LTE, ICIC schemes have been defined in [2] [3]. On the downlink direction, RNTP is exchanged over X2 interface among neighbouring eNBs to provide eNBs with necessary information to restrict the scheduler to avoid generating excessive inter-cell interference to some restricted PRBs of neighbour cells. The major information contained in the RNTP codeword is a bit string with each bit indicating the load situation for one PRB. Figure 1 gives one example how RNTP can be exchanged between two eNBs to mitigate the inter-cell interference in PDSCH.
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Figure 1, Example of using RNTP to mitigate the inter-cell interference in PDSCH

In the example given in Figure 1, eNB A will send RNTP code word to eNB B saying the transmission in PRB 0 and 1 will be below a threshold. On the other hand, eNB B will send RNTP code word to eNB A saying that the transmission in PRB 2 and 3 will below a threshold. In such cases, eNB A will prioritize PDSCH transmission for UE A in PRB 2 and 3 and eNB B will prioritize PDSCH transmission for UE B in PRB 0 and 1. The inter-cell interference between two cells is mitigated by FDM in this case.
Observation 1: Rel-8/9 ICIC can mitigate the inter-cell interference for PDSCH but the inter-cell interference for PDCCH can’t be mitigated by Rel-8/9 ICIC. 
3. Cell association
Several cell association methods have been discussed in [5], [6], [7] etc. The major cell association methods are RSRP based cell association, Pathloss based cell association and Biased-RSRP based cell association. In case of co-channel homogeneous network deployments, RSRP based cell association will result in similar mobility behaviour as that of Pathloss based cell association. In such a deployment, UE will always connect to the eNB having highest RSRP or smallest pathloss.
In the co-channel heterogeneous deployment, the cell boundary for RSRP based cell association strategy doesn’t equal to the cell boundary for pathloss based cell association strategy. The Biased-RSRP will add a fake bias offset on the RSRP measurements for the home eNBs. The major motivation for this bias is to expand the coverage of home eNB to improve the overall system performance. It has been shown in [5] that significant throughput gain can be achieved by Biased-RSRP based cell association to expand the coverage area of home eNBs. 
Observation 2: In case that cell range expansion for low power nodes through Biased-RSRP is used, the home UE will experience higher downlink interference from macro eNB than Rel-8/9 scenario.
4. Methods to mitigate the control channel interferences
A number of methods have been proposed to mitigate the inter-cell interference in downlink control channel. The motivation is more or less similar trying to achieve orthogonality among the radio resources used for control channel in macro eNBs and home eNBs. 
[8] proposes OFDM symbol shifting between macro eNB and home eNBs, thus the control part of macro eNB is colliding with the data part of home eNB and vice versa. It can be illustrated as in figure 3. If the macro eNB is lowly loaded, this method will mitigate the inter-cell interference for the home UE because some of the RBs for the data part are not transmitted. But if the macro eNB is also fully loaded, OFDM symbol shifting may not be able to mitigate the inter-cell interference for home UE as pointed out by [9]. Global synchronization is also needed for this method. Another drawback is that this method only works for FDD and in case of TDD when global frame synchronization is needed, a different approach needs to be defined.
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Figure 3. OFDM symbol shifting between macro eNB and home eNB.

[10] proposes to extend the Rel-8 ICIC schemes also in the time domain to cope with the high interference scenario. One example with 50%-50% resource splitting among macro eNB and home eNB can be illustrated in figure 4. The major idea is to extend Rel-8 ICIC in time domain with sub-frame granularity to mitigate the inter-cell interference. The resources for macro eNB and home eNB can be partially overlapped like the fractional frequency reuse schemes. This can result in orthogonality between macro eNB and home eNB in different sub-frames. 
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Figure 4, Extending Rel-8 ICIC in time domain.
The major drawbacks for this scheme are: 1) The CQI reporting delay could be increased because the time delay between two sub-frames experiencing similar interference scenario is increased. This delay increase will be more obvious in case the number of sub-frame types experiencing different interference situation is high, e.g. in partially overlap scenario. 2) This solution is not TDD friendly because of fixed and frame specific HARQ timing in TDD frames. 3) The granularity to mitigate inter-cell interference is in sub-frame, thus it could cause some resource waste.
[11] proposes to create frequency domain orthogonality for PDCCHs among macro eNBs and fermto eNBs. It could be illustrated as figure 5. There are also a couple of drawbacks for this method: 1) There is changes in air interface, thus Rel-8 can’t enjoy the interference mitigation gain when it works with Rel-10 eNB. 2) If the FDM is physical and the system bandwidth is split in the middle into two parts, it will harm the frequency diversity gain for the PDCCH. If the FDM is logical and two regions are interleaved in the frequency domain, then a lot of standardization effort is needed to design a new CCE to REG mapping rules in order to achieve the interleaving. 3) The granularity in PDCCH is hard coded. Thus the load in PDCCH is balanced in a semi-static way. It may not be able to leverage the dynamic load changing.
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Figure 5, FDM method to mitigate the inter-cell interference in PDCCH
5. ICIC for PDCCH
It is well understood that one Rel-8 PDCCH will be mapped into 1/2/4/8 CCEs to transmit in the downlink control region. The PDCCH aggregation level is mainly decided by UE’s downlink geometry. A cell edge UE will require a higher aggregation level such as 8 and a cell centre UE will require a much lower aggregation level such as 1. It’s of cause possible to use high aggregation level for cell centre UEs in which the PDCCH transmission may be over-robust. On the other hand, using a low aggregation level for cell edge UE may also be a better-than-none solution in case of PDCCH blocking. If eNB strictly follows the aggregation level decided by UE’s geometry, there could be cases in which some UEs have been blocked before all CCEs have been occupied by PDCCHs. So logically the PDCCH having aggregation level 8 will be more vulnerable to inter-cell interference. And it’s possible for eNB to record statistics for PDCCH BLER for each aggregation level. Thus when PDCCH region is experiencing excessive inter-cell interferences, the high aggregation level PDCCH percentage will increase and the PDCCH BLER will also increase.
Observation 3: The aggregation level distribution can reflect the geometry distribution for the active UEs and vulnerability of PDCCH to inter-cell interference.

If the eNB is running a proportional fair scheduler, it will try to schedule UEs with highest priority for a given subframe. By doing so, the efficiency and fairness in PDSCH is guaranteed. The blocking probability or CCE utilization ratio for a given subframe is highly dependent on the geometry distribution of all UEs. On the other hand, if the scheduler can introduce some limitation to achieve certain usage ratio for the CCEs. For example there are in total 40 CCEs and eNB wants to achieve 20% utilization ratio, it can only using 8 CCEs to send PDCCHs and leave the rest CCEs blank. This will effectively decrease the inter-cell interference for the PDCCHs for the neighbouring  cells. But the average bandwidth allocated to one UE will increase; hence the frequency domain scheduling gain in PDSCH region will be decreased. This can be illustrated in Figure 6. 
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Figure 6, Example of extending Rel-8/9 ICIC schemes for PDCCH
Observation 4: There exists trade off between scheduling gain in PDSCH region and inter-cell interference generated in PDCCH region.
According to above observations, it’s possible to extend the Rel-8 ICIC schemes to cover PDCCH as well. The key question is how to define the load of PDCCH. 
Proposal 1: In order to mitigate the inter-cell interference in co-channel non-CA based heterogeneous deployment, the Rel-8 ICIC needs to be extended to cover PDCCH as well.
Proposal 2: Both CCE aggregation level distribution and CCE utilization ratio could be included in the load description for PDCCH. And one extreme case is to have 1 bit as PDCCH overload indicator exchanged over X2.
The major advantages for extending ICIC to PDCCH compared with other schemes are:

1) Minimum impact to Rel-8/9 UE since there is no air interface related changes thus it is UE-transparent.
2) Finer granularity of load balancing, leverage the tradeoff between PDCCH interference generation and PDSCH frequency scheduling gain.
3) Better working with existing CQI reporting timing. Doesn’t differential subframes by its interference scenario.
4) Can also be used to mitigate the inter-cell interference in Rel-8/9 HomNet scenario.

5) Works for both FDD and TDD.
6. Numerical analysis
Figure 7 gives PCFICH+PDCCH simulations results according to the test cases defined in section 8.4.1 and 8.4.2 in [12]. The 1% BLER working point for L=8 is roughly -4.5dB without considering implementation loss when single antenna port is used at eNB and 2 receiving antennas are used at UE. The simulation assumes all the REG will experience equal strong noise. 
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Figure 7, PCFICH+PDCCH link performance according to section 8.4.1 and 8.4.2 in [12]
In case of interference dominant scenario, different REG can experience dramatically different interference+noise power. When the same REG is used by dominant interferers, it will create an effect similar to puncturing. When the same REG is not used by dominant interferer, the REG will experience instantaneous high SINR. Thus the average SINR gain by decreasing the PDCCH load can be modelled as equation (1):
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                         Equation (1)

where INR is interference to noise ratio, 
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 is PDCCH CCE load reduction factor and 
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 is SINR gain.
If  from X2 interface target eNB knows source eNB has 10% BLER in PDCCH even for aggregation level 8, it will calculate a 
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 value to make 
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equals to 3dB to help its neighbour eNB to reduce its PDCCH BLER back to 1% . The 
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 to INR relationship as a function of INR can be better illustrated in Figure 8. For example if the INR is assume to be 9dB, in order to achieve 3dB gain for source eNB’s PDCCH, the target eNB needs to control the PDCCH utilization ratio to be 44% compared with its previous PDCCH utilization ratio.
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Figure 8, PDCCH load control target vs interference to noise ratio
7. Conclusion
The PDCCH can’t benefit from Rel-8/9 ICIC schemes to mitigate the inter-cell interference. The co-channel non-CA based heterogeneous deployment will result even more harsh inter-cell interference scenarios if Biased-RSRP based cell expansion for home eNBs is used. Different proposals have been proposed to mitigate the inter-cell interference on PDCCH and they are reviewed and summarized. At last, the Rel-8 per RB based ICIC has been extended to PDCCH. The tradeoff between PDCCH load and frequency scheduling gain has been discussed. And the key for PDCCH ICIC is how to describe the load in PDCCH. Some proposals have been made to define the load in PDCCH.
Proposal 1: In order to mitigate the co-channel inter-cell interference in PDCCH, the Rel-8 ICIC needs to be extended to cover PDCCH as well.

Proposal 2: Both CCE aggregation level distribution and CCE utilization ratio could be included in the load description for PDCCH. And one extreme case is to have 1 bit as PDCCH overload indicator exchanged over X2.
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