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1
Introduction
HetNets yield interference situations where a dominant interferer  may prevent some UEs from establishing/maintaining reliable communications with their corresponding serving cells. 
Two cases have been identified for such harsh interference conditions: 

· Macro-CSG or CSG-CSG deployments
· UEs in close proximity to CSG cells which the UEs are not part of
· For this case eICIC techniques are meant to facilitate the communication between the UE and the macro-network in the presence of the CSG interference. Note that the enabling of meaningful communication for this case comes with a resource give-away from the CSG cells so that an “interference-free tunnel” of communication can be established between the macro network and the corresponding UE. The same mechanism can be used to alleviate the CSG interference onto macro transmissions and the interference from one CSG cell to another CSG cell
· Macro-pico deployments with UEs operating in “range expansion”
· Range expansion or “serving cell association with large bias” is an operation mode whereby there is an intentional desire to increase the chance of UEs to associate with low-power nodes. This network operation facilitates traffic offload from the macro network to the low-power nodes and maximizes the performance gain provided by the addition of these (low-power) nodes to the network
· Range expansion is typically characterized by associations where the serving cell does not correspond to the cell with best DL geometry for the given UE, instead, the serving cell corresponds to, e.g., the cell with lowest path-loss to the UE
· For this case eICIC techniques are meant to facilitate the communication between UEs and low-power nodes. The low-power nodes are in disadvantage with the macro nodes from the power characteristics perspective. Therefore, biasing the UE measurements to associate more UEs with the low-power nodes may not be sufficient if the communication reliability cannot be guaranteed because of, e.g., control/data channels demodulation performance. In this case, macro nodes give-away some resources to open up an “interference-free tunnel” that enable meaningful communication between low-power nodes and UEs.  
We see high value in extending the Rel-8/9 ICIC techniques to include a time component and to enable time-domain resource partitioning for these scenarios. We see time-domain resource partitioning as the only technique complementing the insufficient Rel-8/9 mechanisms [10][11] and carrier aggregation (CA) that can solve the TDM control channels reliability problem of the scenarios described above. Note that time-domain resource partitioning is equally applicable to both of the scenarios described above, namely, macro-CSG/CSG-CSG and macro-pico. 

The time-domain resource partition consists of a semi-static coordination among neighbouring cells of subframes with the goal to create the aforementioned “interference-free tunnel”. The subframes that enable the “interfere-free tunnel” are the so-called “almost blank subframes” [1]

 REF _Ref264459587 \r \h 
[2]

 REF _Ref264459589 \r \h 
[3]

 REF _Ref264459604 \r \h 
[4], which are characterized by lack of unicast PDSCH transmissions, effectively leading to, in most cases transmission of CRS only. In order not to impact Rel 8 UEs, the transmission of paging messages and SIB-1 is still supported on “almost blank subframes” to maintain backward compatibility. PSS/SSS/PBCH is transmitted when appropriate irrespective of the almost blank subframe configuration. 
The transmission of CRS and all other  Rel 8 signals and channels, grants legacy support and hence makes the proposal fully backwards compatible. On the other hand, the transmission of CRS and potentially PCFICH/PDCCH to support paging and SIB-1 transmissions
 incur an unwanted interference in the midst of this “interference-free tunnel”.

Enhancing interference management comprises two parts corresponding to the two ends of the communication link:

· Network side:  multi-cell coordination techniques extending those in Rel-8/9  with, e.g., adding a time-domain component to Rel-8/9 RNTP/HII with the goal to coordinate the use of “almost blank subframes” in the network. Note that this extension of Re-8/9 ICIC mechanisms is equally relevant for DL (RNTP extension) as for UL (HII extension) to provide a finer granularity of resource partition with a new “resource slicing” in time-domain in addition to the frequency-domain “resource slicing” provided by Rel-8/9 mechanisms.
· UE side: operation of the UEs in severe interference conditions and amid some network coordination (eICIC) that seeks facilitating a meaningful communication link between the UE and the network while seeking gain maximization from the addition of these low-power nodes
This papers focuses on the UE role in the general operation of eICIC with the goal to guarantee a meaningful and reliable communication between the network and the UE while seeking the maximization of gains from the addition of low-power nodes in the network. 
2 Discussion
As discussed in the introduction section, the network coordination to enable meaning communication in harsh interference conditions needs to be complemented by a particular UE behaviour. Without this UE behaviour the enhancements to ICIC are not expected to bring the gains that could be otherwise attained [5]

 REF _Ref264459633 \r \h 
[6]

 REF _Ref264459634 \r \h 
[7]

 REF _Ref264459636 \r \h 
[8]. Note that Rel-8/9 UEs will only be able to benefit from the enhancements to ICIC to some extent, which can be of much greater value for Rel-10 UEs as we will discuss in the sequel. 
A meaningful communication between the network and UEs starts with the acquisition of the cell candidate to become the serving cell of the given UE. Once the cell is detected, measured and reported, the network can determine whether to make it the serving cell of the given UE. The use of handover biases is available from Rel-8 to be able to perform some level of traffic offloading across the network. However, there is no Rel-8/9 mechanism that, first, would enable the detection of very weak cells, and, second, would grant the possibility to establish and maintain a meaningful communication link, i.e., with reliable control and data at the UE receiver. 
In this section we cover the aspects that are related to the UE behaviour vis-à-vis a network operation in the presence of enhanced coordination techniques, namely, time-domain partition, to enable the benefits of this enhanced coordination. 

The aspects are:

· Radio link monitoring on specific subframes
· Given possibly large variation of PDCCH reliability  on different subframes
· RRM measurements on specific subframes

· Given possibly very large interference conditions on different subframes

· Resource specific channel feedback

· Given possibly very large interference conditions on different subframes

· Acquisition of weak cells

· For CSG scenario: acquisition of macro-cell in presence of CSG interference

· For pico scenario: acquisition of pico-cell in presence of macro interference

· Reliable control communication
· For CSG scenario: reliable detection of PCFICH/PHICH/PDCCH of macro-cell in presence of CSG interference 

· For pico scenario: reliable detection of PCFICH/PHICH/PDCCH of pico-cell in presence of macro interference

· Reliable data communication
· For CSG scenario: reliable detection of PDSCH of macro-cell in presence of CSG interference

· For pico scenario: reliable detection of PDSCH of pico-cell in presence of macro interference

The resource specific  RLM, RRM and channel feedback has been discussed in other contributions, e.g., [9]. This contribution focuses on the last three points above. 
2.1
Detection of acquisition signals

The very first requirement to establish communication with a cell is to detect it. Cell acquisition in LTE relies on cell identification by detection of the Physical Cell ID (PCI) using PSS/SSS signals and decoding of PBCH to identify the most important system parameters (transmission bandwidth, PHICH information  and number of transmit antennas) which is necessary to  decode control channels and  SIB1.

In our opinion the following two possibilities exist to enable acquisition of weak cells: 

1. Subframe offset + time/frequency coordination 

·  In this case subframes of different cells are shifted in time and (data channel) coordination among cells is done to avoid dominant interferer data transmissions to “eclipse” the reception of the PSS/SSS/PBCH of the target cell 

· The target cell is the macro-cell in the CSG scenario and is the pico-cell in the pico scenario

2. Detection of weak cell by suppression of PSS/SSS/PBCH from dominant interferer(s)
· If the transmissions of the dominant interferer and the node of interest are time synchronized with each other, the transmission of PSS/SSS/PBCH from both nodes will be on top of each other. Suppression of dominant interferer (signal of highest SINR) will facilitate the detection of the “eclipsed” PSS/SSS/PBCH of the target cell. 
Note that subframe offset is not a viable option for TDD systems. 

Figure 1a shows PSS/SSS (cell ID) detection probability for a system with a serving cell C/N=0dB in the presence of an interferer at I/N=20dB with full collision of PSS/SSS. The results are for TU30 and assuming 0Hz frequency offset.
Figure 1b shows PBCH decoding probability for a 2x2 system in the presence of an interferer at I/N=16dB with full collision of PBCH and 4 bursts combined at the receiver and for different levels of C/N. The results are for ETU30 and assuming 0Hz frequency offset. 
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Figure 1a. PSS/SSS detection probability with PSS/SSS IC.  Serving cell C/N0dB. Interferer I/N=20dB
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Figure 1b. PBCH performance (SFBC). I/N=16dB

The results in Figure 1a show that detecting cells in the presence of strong interferer is feasible. For this case, there is 0 probability of detection without interference suppression and the effective SINR is -20dB. Note that without IC, UE can detect a cell at SINR of around -9 dB with colliding PSS/SSS.
Results in Figure 1b show PBCH performance in the presence of a strong interferer. BLER=1% is obtained for an effective SINR of -10.5dB without interference suppression and -18.8dB with PBCH interference suppression.  Single cell PBCH performance achieves BLER=1% at around -9dB. 
2.2
Reliability of control channels
Control channels in LTE include:

· PCFICH for time-domain control span: transmitted in first OFDM symbol of each subframe
· PHICH for DL-ACK: transmitted in either first OFDM symbol of each subframe or the maximum control span of that subframe depending on the PBCH parameter for PHICH duration and or whether the subframe is MBSFN subframe or not
· PDCCH for DCI transmission: interleaved in time and frequency over the entire control region
In this section we analyze the reliability of each of these types of control. 
2.2.1
PCFICH reliability

PCFICH is transmitted in 4 REGs distributed over the entire transmission bandwidth with a mapping being a function of the cell ID. 
PCFICH reception in HetNet scenarios will experience possibly high interference from CRS of neighbouring cells. Note that CRS interference occurs even for the “interference-free tunnel” created by the almost blank subframe configuration of the dominant interferer since CRS is transmitted on those subframes. 

Therefore, in order to guarantee control span indication reliability we see the following possibilities: 
1. Assume a semi-statically signalled PCFICH value: similar to control-span of target CC in CA with CIF

a. As a speical case, set PHICH duration to the maximum control span. In this case, PCFICH detection is not needed. This is at the expense of always budgeting for the maximum resource reserved for control channels (PDCCH), i.e., potential 15% extra DL overhead
2. Perform RS interference suppression (RS-IC) of dominant interferer(s). Note that for this case PCI planning to control the location of the RS from neighbouring cells does not provide any help because of the transmission of PCFICH (of cell of interest) and RS (of interfering cell) in the first OFDM symbol of the subframe. Therefore, irrespective of the network planning and the configuration of almost blank subframe at the dominant interferer, there will always be neighbour cell RS => PCFICH interference. 

In the “interference free tunnel”, PCFICH may also receive interference from PDCCH and PCFICH transmitted in the neighbouring cell used to schedule paging messaging and/or SIB-1.

This interference scenario can be avoided for many almost blank subframes configurations. However, given that PCFICH and PDCCH transmitted in “almost blank subframes” is for the broadcast messages, the interference that is incurred can easily be removed, that is, cancelled at the UE.
Figure 2 shows PCFICH link performance for a 10MHz 2x2 system in the presence of a strong interferer 16dB above thermal noise, i.e., I/N=16dB. ETU30 is assumed for the serving cell and EVA30 is assumed for the interfering cell.  

The interfering cell is assumed to use almost blank subframes and, therefore, only causes interference from its RS transmission. Simulation results are shown for colliding RS (plots at the left) and non-colliding RS (plots at the right) between serving cell and interfering cell to assess the performance sensitivity to network planning. 

We show link performance in terms of SER vs. serving cell SNR (without interferer). The effective SINR at REs suffering the interference from the interferer’s RS is approximately 16dB lower than the corresponding SNR.  Results are shown for control spans of 1 and 3 OFDM symbols, although for PCFICH performance characterization the control span does not play any role. We show results for a system without the interferer (black curves) and for a system with interferer (red and blue curves). The receiver used to generate the red curves performs RS-IC while the receiver used for the blue curves does not. In all cases we assume realistic channel estimation.
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Figure 2. PCFICH performance (SFBC). Left: colliding RS. Right: non-colliding RS
Black: No interferer. Blue: I/N=16dB w/o interf suppression. Red: I/N=16dB w/ interf suppression
Diamonds: 1 OFDM symbol, Squares: 3 OFDM symbols for control
From the results we see large performance degradation of PCFICH reliability especially for the non-colliding RS case (>10dB at SER=1%). PCFICH performance for the advanced receiver is robust against network planning, i.e., colliding/non-colliding RS offering a performance that is within 2.5dB of the single-cell performance.
2.2.2
PHICH reliability

PHICH is transmitted over 3 REGs in either 1 OFDM symbol or as many OFDM symbols as the maximum control span of that subframe. In either case, the RE mapping is pseudo-random dependent on the PCI. 
Similar to the PCFICH, PHICH reception in HetNet scenarios will experience possibly high interference from CRS of neighbouring cells even when using almost blank subframes at the dominant interfere to minimize the interference that the cell causes. 

For the case where PHICH duration is 1 OFDM symbol, PCI planning to control the location of the RS from the neighbouring cells does not help for the same reason as mentioned for PCFICH, i.e., neighbouring cell RS => PHICH interference even for the case of almost blank subframes. 

Therefore, in order to guarantee PHICH reliability, we see the following possibilities: 

1. Run the system with PHICH duration set to maximum so that PHICH reliability may be granted from reception of REGs in OFDM symbols beyond the first one 
a. OFDM symbols beyond the first one will not experience CRS interference from neighbouring cells provided that the number of antenna ports of the interfering node is less than 4

b. Note that this solution may incur a 15% extra DL overhead when compared to a possible operation with a single OFDM symbol for control 

2. Perform RS-IC of dominant interferer(s)
Similarly as in case of PCFICH detection, interference from PDCCH and PCFICH transmitted in the neighbouring cell used to schedule paging messaging and/or SIB-1 may be present as well. If such scenario is not prevented by almost blank subframes configuration, such interference can be cancelled at the UE.
Figure 3 shows PHICH link performance for the same assumptions as for the PCFICH characterizations. 

Results are shown for PHICH durations of 1 and 3 OFDM symbols. We show results for a system without the interferer (black curves) and for a system with interferer (red, blue and green curves). The receiver used to generate the red curves performs RS-IC while the receiver used for the blue curves does not. The receiver used to generate the green curves performs nulling of REs that are known to have high interference at the receiver – in this case, high interference PHICH REs are the ones falling in the first OFDM symbol. 
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Figure 3. PHICH performance (SFBC). Left: colliding RS. Right: non-colliding RS
Black: No interferer. Blue: I/N=16dB w/o interf suppression. 
Red: I/N=16dB w/ interf suppression. Green: I/N=16dB w/ RE nulling. 
Diamonds: 1 OFDM symbol, Squares: 3 OFDM symbols for PHICH duration
From the results we see large performance degradation of PHICH reliability especially for the non-colliding RS case with PHICH duration of 1 OFDM symbol. Increasing PHICH duration does not help for the case of colliding RS due to the large degradation of channel estimation for this case. Increasing the PHICH duration to 3 OFDM symbols helps for the non-colliding RS case especially when nulling PHICH REs falling in first OFDM symbol, which is the symbol experiencing the large interference. For this case the performance matches that of RS-IC at the expense of a DL control overhead of 21%. Note that the nulling approach is not efficient for PHICH duration of 1 OFDM symbols since the three REGs of PHICH are in the first OFDM symbol for that case and all of them suffer from RS interference. 
Similar to PCFICH, PHICH performance for the advanced receiver is robust against network planning, i.e., colliding/non-colliding RS offering a performance that is within 2.5dB of the single-cell performance. In addition, when interference suppression is used there is no need to resort to the long PHICH duration and its corresponding additional DL control overhead which could be up to 15%. 
2.2.3
PDCCH reliability
PDCCH is transmitted after aggregation of {1, 2, 4, 8} CCEs which are pseudo-randomly distributed over the entire control span in time and frequency. 
For this case, the reliability of PDCCH will be degraded from the interference created by the CRS of the neighbouring (dominant interferer) cells. 

Similarly as in case of PCFCIH/PHICH detection, interference from PDCCH and PCFICH transmitted in the neighbouring cell used to schedule paging messaging and/or SIB-1 may be present as well. If such scenario is not prevented by almost blank subframes configuration, such interference can easily be removed at the UE. In addition, PDCCH has CRC protection and partial overlap may be tolerated in many cases. 
The reception of paging and SIB-1 from the serving cell in the presence of possibly high interference from  neighbouring cells on subframes that are not  “protected”, i.e,. not declared as “almost blank subframes” may still be possible by the use of, e.g., cross-subframe assignments as discussed in [2][12][13] or by using semi-persistent assignments (circumventing the control channel transmission need) to allocate them . 

Figure 4 shows PDCCH link performance for the same assumptions as for the PCFICH and PHICH characterizations. We assume DCI format 1A with 43 bit payload size and 4 CCEs. 

Results are shown for control spans of 1 and 3 OFDM symbols. We show results for a system without the interferer (black curves) and for a system with interferer (red, blue and green curves). The receiver used to generate the red curves performs RS-IC while the receiver used for the blue curves does not. The receiver used to generate the green curves performs nulling of REs that are known to have high interference at the receiver – in this case, high interference PDCCH REs are the ones falling in the first OFDM symbol.
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Figure 4. PDCCH performance (SFBC). Left: colliding RS. Right: non-colliding RS
Black: No interferer. Blue: I/N=16dB w/o interf suppression. 
Red: I/N=16dB w/ interf suppression. Green: I/N=16dB w/ RE nulling. 
Diamonds: 1 OFDM symbol, Squares: 3 OFDM symbols for control
From these results we also see large performance degradation of PDCCH reliability especially for the non-colliding RS case with 1 OFDM symbol control span where the performance is completely floored. Indeed, and as seen for PHICH characterizations, increasing the control span does not help for the case of colliding RS due to the large degradation of channel estimation for this case. Increasing the OFDM span to 3 OFDM symbols helps for the non-colliding RS case especially when nulling PHICH REs falling in first OFDM symbol, which is the symbol experiencing the large interference. For this case the performance matches that of RS-IC at the expense of a DL control overhead of 21%. Note that the nulling approach is not efficient for control span of 1 OFDM symbols since for this case all the REGs of PDCCH are in the first OFDM symbol and therefore will all suffer interference from RS.
Similar to PCFICH and PHICH, PDCCH performance for the advanced receiver is robust against network planning, i.e., colliding/non-colliding RS offering a performance that is within 2.5dB of the single-cell performance. In addition, when interference suppression is used there is no need to resort to over-provisioned control span and its corresponding additional DL control overhead which could be up to 15%. 
2.3
Reliability of data channel
Reliability of data channel will be degraded from the interference created by the CRS of the neighbouring (dominant interferer) cells. 

For this case, we can see the possible solutions to minimize the performance impact: 

1. Configure MBSFN subframes at the interfering cell to remove interference caused by its CRS transmission
2. Muting at the serving cell of REs corresponding to the CRS location of the dominant inteferer(s) and corresponding data resource mapping around the muted REs

a. Similar to the CSI-RS muting for enhanced hearibility

3. Perform RS-IC of dominant interferer(s)
PDSCH resources can be coordinated in the frequency domain using Rel-8/9 mechanisms (RNTP) with the addition of a time-component. This coordination would avoid the interference caused by legacy data transmissions in support of, e.g., scheduling of SIBs and paging. 

Figure 5 shows PDSCH link throughput performance for the same assumptions as for the  PCFICH, PHICH and PDCCH characterizations but assuming ETU3 for the serving cell and EVA3 for the interfering cell and without assuming cascaded errors, i.e., errors from control reliability. The link throughputs are obtained by running AMC targeting 10% BLER after the first transmission and for 6RBs randomly picked.  

We show results for a system without the interferer (black curves) and for a system with interferer (other colors). The receiver used to generate the red and bright green curves performs RS-IC while the receiver used for the brown and dark green curves does not. 
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Figure 5. PDSCH performance (SFBC). Left: colliding RS. Right: non-colliding RS
Black: No interferer. Brown/Green: I/N=16dB w/o interf suppression. 
Red/Green: I/N=16dB w/ interf suppression.
From the results above, RS-IC offers a robust interference in the presence of strong interferer. In this case, 3 OFDM symbols have RS interference. In case RS-IC is used it is better to have colliding RS, while for the case of no RS-IC is better to have non-colliding RS. In either case, the performance advantage offered from RS-IC is significant across the entire SNR range.

Note that RS-IC would also benefit performance of homogenous networks with partial loading where the main source of interference from idle nodes is their RS transmission. 
2.4
Summary of discussion

As we have seen throughout this section, the configuration of almost blank subframes is not sufficient to guarantee a meaningful communication link between the network and the UEs in harsh interference conditions. 

The unavoidable transmission of some legacy signals, e.g., CRS, PSS/SSS/PBCH, SIB1 in subframes 5, paging in subframes 0/4/5/9. creates unwanted interference in “almost blank subframes” that are supposed to be empty to create an “interference-free tunnel” to enable a meaningful communication link between the target node and the corresponding UE. 

As a result, the UE needs to play an important role to attain the predicted gains of HetNet deployments. In particular, the implementation of receiver capabilities to suppress interference from dominant interferers appears to be compelling to guarantee acquisition of weak cells. As we have discussed, subframe offset and data ICIC is the other alternative which unfortunately is not an option for TDD systems. 

Reliability of the different control channels has also been discussed and RS-IC appears to provide a robust solution guaranteeing control channel reliability in the presence of a strong interferer, even for the case where almost blank subframes have been configured. 

Finally, although there are ways to solve the CRS interference for data reception, RS-IC also appears to be an easy solution to remove the effect of the dominant interferer’s CRS into the data reception of the target cell. 
In summary:

	PSS/SSS/PBCH
Interference Mitigation Approaches
	Issues

	Subframe offset + time/freq coordination
	Not possible for TDD

	PSS/SSS/PBCH IC at UE Rx
	None


	PDSCH
Interference Mitigation Approaches
	Issues

	MBSFN configuration
	Not possible in subframes 0/4/5/9 (FDD), 0/1/5/6 (TDD)

	RS muting
	Subframe can never be “soft” reused by muting cell
RE dimensionality loss at serving cell

	RS IC at UE Rx
	None


3
Conclusion

In this contribution we have presented our views on how to enhance ICIC techniques for efficient support of HetNets in non-CA scenarios. Importantly, no new PHY channels are required to support eICIC in co-channel HetNet deployments and the existing channels can enable achieving the attainable HetNet gains provided certain operations at the UE.
We see the necessity to look at the network as well as the UE roles of this enhanced coordination to fulfil the attainable gains. 

In summary, we see the following are needed on both sides of the communication link to enable co-channel deployments of HetNets:

· Network side:

· Extension of Rel-8/9 ICIC to include time-domain coordination 

· Inter-cell coordination of almost blank subframe utilization

· UE side:

· Radio link monitoring on specific subframes

· RRM measurements on specific subframes

· Resource specific channel feedback

· Suppression capabilities of the PSS/SSS/PBCH and CRS from the dominant interferer(s) to guarantee: 

· Acquisition/measurement/reporting of weak cells, and 

· Control/data channels reliability in harsh interference conditions in a network operating with enhanced ICIC operation
· Suppression capabilities for PCFICH and PDCCH could be considered also if interference cannot be avoided by almost blank subframes configuration  
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� PDSCH resources can be easily coordinated in frequency domain for those subframes.
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