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1. Introduction 
In LTE, for legacy PDCCH defined in Rel-8, the first couple of symbols in a subframe are used for PDCCH transmission. Even though some measurements were used to reduce the impact of interference, which mainly come from the PDCCH in the neighbouring cells, inter-cell interference could still deteriorate its performance because the control region of all cells simply overlapping with each other. Such performance loss gets even worse in the Hetnet deployment, where PDCCH from macro cell could generate strong interference to PDCCH from the pico cells in the cell expansion area. 
To solve this issue while at the same time enhance other performance of control channel such as capacity,  enhanced PDCCH (EPDCCH) is introduced in Rel-11 and one of the main expectation is to enhance its ICIC performance in frequency domain. To achieve this goal, the EPDCCH will be transmitted in legacy PDSCH region, which will allow frequency domain ICIC for the EPDCCH, namely, EPDCCH from different cells could be transmitted in different frequency subbands, so that the interference between them are minimized. That is similar to the ICIC for PDSCH of cell edge users as introduced in Rel-8. 

In Rel-11, the frequency domain power control still uses the same mechanism that has been used for PDSCH since Rel-8 even after EDPCCH is introduced, this may be ok for ICIC among macro-cell when the interference is not severe. In Rel-12, when small cell is introduced, the inter-cell interference could become more severe. If the frequency domain power control is not improved, it could affect both performances of PDSCH and EPDCCH. 
In RAN1 73 meeting [1], a number of contributions were presented which discussed the aspects of ICIC enhancement for small cell [4]-[10]. The following conclusion/observation were drawn from the discussion
Observations / next steps:

Proposals need to identify clearly the specification impacts on X2 signalling and eNB/UE behaviour. 

Continue evaluation until RAN1#74. 
In this contribution, further discussions are provided on enhanced frequency domain power control for EPDCCH focusing on X2 signal design and eNB/UE behaviours
2. Enhancement on frequency domain power control for EPDCCH 
2.1. X2 signal design 

The frequency power control enhancement may need signaling between eNBs via X2 link for eNB to exchange information on its power level for EPDCCH.  Some Alternative methods to covey such information are discussed below.

2.1.1. Downlink High Interference Indication (HII) for EPDCCH
In the first method, a DL High Interference Indication (HII) IE could be used to indicate the interference sensitivity over those PRB that EPDCCH could be transmitted.   Currently, the UL High Interference Indication (HII) IE may be received in the LOAD INFORMATION message, it indicates, per PRB, the occurrence of high interference from the sending eNB. For EPDCCH, the eNB could introduce Downlink High Interference Indication (HII) to indicate the subbands with high interference sensitivity on the downlink to protect E-PDCCH. When other eNB receive the indication, they may reduce transmit power or not schedule any transmission in those subbands. To achieve this, a Downlink High Interference Indication (DL HII) IE could be defined and transmitted in new fields on LOAD INFORMATION message.  A simple way to construct DL HII is to use a bitmap of length nPRB where each bit represents one PRB.  The DL HII could be intended to a group of eNBs or a particular eNB. If it is latter case, an optional field of “Target Cell ID” could be included on LOAD INFORMATION to indicate the targeted eNB that a DL HII is intended for. 
To use this approach to coordinate the allocation of EPDCCH resources between eNBs,  , values of “1” or “0” could be used for each PRB in DL HII bitmap table, where PRBs of EPDCCH region with value “1” can be used to indicate high downlink interference sensitivity. The receiving eNB is expected to lower the downlink interference it may cause to the PRB marked in DL HII. For example, the receiving eNB can lower the power it uses for those PRBs by scheduling only PDSCH of cell-center UEs on those PRBs. The receiving eNB should try to avoid scheduling cell edge UEs over the concerned PRBs. In addition, the receiving eNB should avoid allocating any EPDCCH in those PRBs marked with a value of 1 in the DL HII IE by the sending eNB, so as to avoid interference between the EPDCCH of neighbor cells.
2.1.2. Signalling EPDCCH Power Info Over X2

Alternatively, a new RNTP-EPDCCH could be introduced.  Currently in RNTP, a single threshold is used for RNTP signaling of all PRBs, i.e.  only two levels of transmit power can be signalled: below the RNTP threshold or not.

This may not be sufficient as RBs carrying EPDCCHs may be given more power than PDSCH. Thus a second power threshold, e.g., RNTP-EPDCCH Threshold, may be needed for EPDCCH, where, similar to RNTP as define for PDSCH, a bit string could be used in which each value represents 
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. Table 1 shows such an example. 
Table 1:  RNTP-EPDCCH fields to add to RNTP IE.
	IE/Group Name
	Presence
	Range
	IE type and reference
	Semantics description
	Criticality
	Assigned Criticality

	RNTP-EPDCCH Per PRB
	M
	
	BIT STRING (6..110, …)
	Each position in the bitmap represents a nPRB value (i.e. first bit=PRB 0 and so on), for which the bit value represents RNTP-EPDCCH (nPRB), 

Value 0 indicates "Tx not exceeding RNTP-EPDCCH threshold". 

Value 1 indicates "no promise on the Tx power is given"
	–
	–

	RNTP-EPDCCH Threshold
	M
	
	ENUMERATED (-∞,-8, -7, -6, -5, -4, -3, -2, -1, 0, 1, 2, 3, 4, 5, 6 …)
	RNTP-EPDCCH threshold   takes one of the enumerated value. The unit is in dB.  
	–
	–


In case that there is power boosting for E-PDCCH transmission, this approach would allow such power boosting be conveyed to the neighboring cells through X2 link to enhance the frequency domain power control. 

Since RNTP-EPDCCH Threshold (RNTP-EPDCCH Threshold> RNTP Threshold) is defined in addition to the existing RNTP Threshold, the PRBs of each can be assigned such that RNTP-EPDCCH and RNTP definitions are complementary. In other words, 

· A PRB that is always assigned a ‘0’ in RNTP-EPDCCH table if it is assigned a ‘0’ in RNTP table; The PRB is guaranteed to have low power level P: RNTP Threshold >=P;

· A PRB that is assigned a ‘0’ in RNTP-EPDCCH table, but assigned a ‘1’ in RNTP table has power level P: RNTP-EPDCCH Threshold >= P > RNTP Threshold;

· A PRB that is assigned a ‘1’ in RNTP-EPDCCH table has to be assigned a ‘1’ in RNTP table.  The PRB can have high power level P: P>RNTP-EPDCCH Threshold;

· For the otherwise invalid combination where a PRB is assigned a ‘1’ in RNTP-EPDCCH table, but assigned a ‘0’ in RNTP table, a rule can be predefined such that, for example, the PRB power level is assumed to follow RNTP-EPDCCH definition, and can have high power level P: P>RNTP-EPDCCH Threshold;

2.2. eNB/UE behaviors 
The enhancement on frequency power control for EPDCCH may require some new behaviors for eNB and UE, which will be discussed here. 
2.2.1. eNB behaviors
If new RNTP-EPDCCH or DL HII are introduced to indicate the interference sensitivity for some PRBs used for EPDCCH transmission, the eNB may need to utilize the information from both legacy RNTP and new RNTP-EPDCCH (or DL HII) if it receives both messages on the backhaul.  On the other side, an eNB may receive RNTP and/or RNTP-EPDCCH from a number of neighbouring eNBs, which may have different interference sensitivity on different PRBs, the eNB needs to decide how to adjust its transmit power based on all these information.  Even though such decisions are eNB implementation issue, some options are provided for considerations 
1. In homogeneous deployment, the eNB may need to consider both RNTP-EPDCCH (or DL HII) and  legacy RNTP from other macro-cells and adjust its transmission power accordingly

2. In heterogeneous deployment, the macro-eNB may need to consider RNTP-EPDCCH (or DL HII) and legacy RNTP from small cell in its coverage. The small cell eNB may need to consider both RNTP-EPDCCH (or DL HII) and legacy RNTP from macro-cell overlaying it.
3. In heterogeneous deployment, the small-eNB may need other information to help prioritizing  RNTP-EPDCCH (or DL HII) from other small cells over legacy RNTP because two small cells may not overlap with each other and therefore does not have strong mutual interference. Measurement on other signals such as RS could be used to check the mutual interference. 
4. If “Target Cell ID” is used to indicate a particular eNB as the target for receiving the RNTP-EPDCCH (or DL HII)_message, then such indication should be prioritized as the sending eNB may already know the receiving eNB is the strong interfering source. 
Another issue is that even if a PRB is configured for EPDCCH in an eNB, it may not be used for EPDCCH transmission in all the subframes.  If EPDCCH is not transmitted, PDSCH could be transmitted instead. As such transmission is determined dynamically by the eNB, the neighbouring eNBs may not know this based on the semi-static X2 signals. To handle this, the eNB that receive RNTP-EPDCCH or DL HLL could decide whether it needs to adjust its transmit power based on a couple of factors. For example, if the interference sensitive regions indicated by neighbouring eNBs are small, it could try to avoid that or reduce its transmit power on them. But if the number of interference sensitive PRBs is quite large and its own traffic load or EPDDCH region is also large, it could choose to transmit with normal power on some of interference sensitive regions.  
The RNTP-EPDCCH or DL HII received by an eNB could also be used by the eNB to determine and configure its own regions for EPDCCH transmission.  For example, it could configure its localized EPDCCH without any overlap with interference sensitive regions of neighbouring eNBs, or configured its distributed EPDCCH with partial overlapping with interference sensitive regions of neighbouring eNBs. 

In these new indications, not only sensitivity indication on each PRB is important for the neighbouring eNBs, the power threshold of RNTP-EPDCCH is also an important parameter as it could tell the neighbouring eNBs the power level that the sending eNB could use to transmit its EPDCCH. That would help neighbouring eNBs to decide if it needs to reduce its transmit power and how much power reduction it could use to avoid strong interference. In that sense, RNTP-EPDCCH seems provide more information than DL HII. 
2.2.2. UE behaviors

UE behaviour may not change much as such power control is done mostly from the network side.  The UE could certainly provide some information to the eNB such as CQI, and interference measurement, which could help eNBs to determine downlink interference level and create interference sensitivity information. 
3. Conclusions

In this contribution, some more discussions are presented on power control enhancement for EPDDCH including impact to X2 link as well as UE and eNB behaviours. 
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