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1 Introduction
Enhancing frequency-domain power control is one of the candidate ICIC techniques for small cell deployments.  Frequency-domain ICIC is particularly applicable as it can be used for both PDSCH and EPDCCH. Moreover, unlike load balancing/shifting or small cell ON/OFF which may have limited applicability in high load operating scenarios, where interference mitigation methods are most needed, frequency-domain ICIC is applicable for any load condition. Time-domain ICIC relying on ABS/MBSFN subframes is also applicable for any load condition and can allow use of PDCCH. Enhancements to both frequency-domain and time-domain ICIC can be beneficial for dense small cell scenarios.
One issue that arose during the Rel-11 specification for EPDCCH and again in RAN1#73 in the context of small cell enhancements is whether a different mechanism or signaling are needed for EPDCCH relative to PDSCH [1-3]. The primary justification is the different BLER requirements for EPDCCH and PDSCH.
This contribution reviews the operating characteristics of EPDCCH and PDSCH with frequency-domain ICIC in small cell environments and considers whether there are any benefits in differentiating the mechanisms used for frequency-domain ICIC for EPDCCH relative to PDSCH. 
2 Frequency Domain ICIC in Small Cell Environments
Frequency-domain ICIC in Rel-11 relies on the X2 interface to exchange traffic load and interference information among eNBs. The Relative Narrowband Tx Power (RNTP) measurement is reported to indicate whether, for each PRB, the DL received power is lower (or higher) than a RNTP threshold. 

The Rel-11 EPDCCH operation with frequency-domain ICIC is to use the same backhaul signaling for PRB-level ICIC as for PDSCH operation (i.e. to re-use the same RNTP information). This enables use of PRB pairs for EPDCCH transmission where the DL transmission power is below a threshold, thereby allowing a target BLER to be achieved for EDCCH, similar to achieving a target BLER for PDSCH. 
For operation in small cells, interference can be more dynamic than in macro-cells. For example, in dense deployments, a UE in a small cell can have several dominant interferers while traffic loads in different small cells can be unbalanced. Due to the larger interference variations than in macro-cells and due to the stricter BLER requirements for EPDCCH, it has been suggested that PRB pairs used for EPDCCH in each small cell are independent of the RNTP measurements and can be allocated so that they are always ensured to have low interference [1-3]. This means a practically fixed allocation of PRB pairs for EPDCCH, particularly considering that the allocation of these PRB pairs to UEs is by RRC signaling and re-configurations should be infrequent. However, essentially fixing PRB pairs for EPDCCH operation can create resource utilization inefficiencies.

For example, in order to achieve the frequency diversity gains from FDS and beamforming for localized EPDCCH, a sufficient number of PRB pairs needs to be configured to each UE. At 10 MHz and for configuration of one set of 4 PRB pairs, the overhead is 8%. Even though the serving cell can utilize unused PRB pairs of a localized EPDCCH set for PDSCH transmissions, interfering cells cannot as the respective PRBs are precluded from PDSCH transmissions (to enable frequency-domain ICIC for EPDCCH independent of RNTP reports). Therefore, the 8% overhead is now not for the serving cell but for each of the interfering cells and it also is fixed. For dense deployments, this fixed 8% overhead needs to be scaled, per cell, by at least the number of dominant interfering cells. 
Further, as PDSCH scheduling is most likely in RBGs, unless a UE in a given cell is also informed that certain PRB pairs are precluded for PDSCH transmission, the overhead will effectively be in RBGs. For example, even if a PRB pair in an RBG can become available for a PDSCH transmission in a subframe, it may not be used if it is reserved in an interfering cell for EPDCCH transmission unless the UE in the serving cell is separately informed to always disregard that PRB pair from PDSCH receptions. Basically, the UE needs to discard from PDSCH reception not only the PRB pairs where it detects the associated EPDCCH but also a fixed number of PRB pairs that will be informed to each UE by higher layer signaling and cannot be frequently changed. 

Observation 1: Reserving PRB pairs per cell in a practically fixed manner for localized EPDCCH transmission will introduce significant and fixed overhead in a network operation.   
For distributed EPDCCH, the issues are similar as for localized EPDCCH and most of the previous analysis remains applicable. For distributed EPDCCH, a set of at least 4 PRB pairs should be reserved (particularly considering the ~3dB worse BLER relative to PDCCH and the typically less than 36 number of REs per ECCE that are available to transmit EPDCCHs). Moreover, support of distributed EPDCCH should typically exist for robust operation as not all UEs can be assumed capable to be scheduled with localized EPDCCH. For example, not all UEs may be stationary, or have sufficiently good SINR, or have a flat channel so that the sub-band CSI reported by a UE can be sufficiently same as the PRB CSI required for accurate link adaptation with localized EPDCCH. Possible support of a common-search space by EPDCCH (which may require distinct PRB pairs than the ones for the UE-dedicated search space) will further exacerbate the PRB unavailability in different cells. 
It therefore becomes clear that reserving PRB pairs exclusively for EPDCCH transmissions in a cell is not a proper solution. It is noted that if a cell is turned off and PRB pairs for EPDCCH are obviously no longer needed, it may not be possible to free their use in interfering cells due to the associated reconfiguration latencies and ambiguity periods.

Observation 2: Co-existence of distributed and localized sets of PRB pairs in a small cell will significantly limit frequency resources that can be used for PDSCH transmissions among interfering cells.   
Finally, having different interference for PRB pairs of EPDCCH transmission and PRB pairs for PDSCH transmission will obviously make the CSI feedback for the latter inapplicable for the former. At least a separate IMR for PRB pairs of EPDCCH sets where interfering cells are precluded from transmitting may be needed as it is not clear whether a prediction of a respective interference can be accurately made from the IMR for PRB pairs used for PDSCH (other than that the interference for the EPDCCH PRB pairs will be lower). Separate, PRB pair based, IMR reports will then be necessary.
Observation 3: Reserving PRB pairs for “interference free” EPDCCH transmission will require separate CSI reports (at least IMR) for the EPDCCH PRB pairs. 
Generally, reserving resources in a fixed manner without considering adaptation to traffic or interference characteristics has been repeatedly shown to be detrimental to spectral efficiency. For example, even with full buffer traffic, FDM-ICIC does not improve average system throughput (degradation occurs in case of FTP traffic). Similar, a fixed ZP-ABS pattern leads to significant throughput loss (due to resource scarcity) even though SINR in each cell significantly improves in a non-ZP-ABS [4]. Clearly, adaptation of (practically fixed) EPDCCH PRB pairs to (fast) traffic variations in small cells is not feasible.

In principle, if a link adaptation mechanism is sufficient for PDSCH then, assuming the same transmission characteristics for EPDCCH as in Rel-11 (distributed or localized with FDS/beamforming), the same link adaptation is also sufficient for EPDCCH. This assumes same channel conditions, as reported by CSI, for RBG-based PDSCH transmissions over a whole DL BW and for PRB-based EPDCCH transmissions over sets of PRB pairs (otherwise, separate CSI reports can be considered for EPDCCH if the mismatch is significant). For example, a same wideband CSI as in Rel-11 can be used for link adaptation of distributed PDSCH, PDCCH, or EPDCCH transmissions and the link adaptation can additionally consider only the respective BLER requirements (e.g. as in Rel-8). 
Distributed EPDCCH operation inherently offers some robustness to interference variations, particularly when PRB pairs with low interference (based on RNTP) are selected. Localized EPDCCH is more sensitive to interference variations. Whether localized EPDCCH is used in an environment where the interference in respective PRB pairs cannot be considered quasi-stationary per subframe is a network implementation issue; with conservative use of ECCE aggregation levels and use of PRB pairs with low interference (based on RNTP), no fundamental problems can be identified (and fall-back to distributed EPDCCH is always possible). Furthermore, a UE can be configured with two sets of PRB pairs for EPDCCH where one set can remain constant while the other cell in adapted in response to any new exchange of RNTP among eNBs. In this manner, any ambiguity period to reconfiguration of PRB pairs for EPDCCH, if needed, in response to changes in the RNTP can be handled without impact on scheduling.    

3 Conclusions
This contribution considered the allocation of PRB pairs in a practically fixed manner to EPDCCH transmissions in a small cell so that these PRB pairs do not experience any interference from dominant interfering cells. Similar to fixed allocation of PRB pairs for FDM-ICIC or to fixed allocation of zero-power subframes for TDM-ICIC, such allocation will result to spectral efficiency loss. This is because a significant number of PRB pairs will become unavailable for PDSCH scheduling in interfering cells regardless of whether they are used for EPDCCH transmissions in the reference cell or even regardless of whether the reference cell is ON or OFF. Using the same information for FDM-ICIC of PDSCH transmissions as for EPDCCH transmissions (e.g. exchange of RNTP reports among eNBs), the same link adaptation as for conventional PDCCH/EPDCCH/PDSCH operation can apply and a direct need for separate CSI/IMR feedback for EPDCCH can be avoided. This is especially the case for distributed EPDCCH that inherently offers interference diversity and can also apply for localized EPDCCH. 
Observation: Using same FDM-ICIC for PDSCH and EPDCCH transmissions is preferable in terms of spectral efficiency and network complexity. Conventional mechanisms for link adaptation of EPDCCH and PDSCH can apply. 
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