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1. Introduction

At the RAN1#62 meeting, the following way forward for the macro-femto case was agreed [1] and a liaison statement (LS) was sent [2]:
1. Baseline solution for macro-femto scenario 
a. No backhaul coordination (X2, S1)
· Reflects RAN3 status
b. Time-domain/power setting solutions
c. Support for restricting RLM/RRM/CSI measurements at the Rel-10 UE to certain resources
Based on the agreements (in 1a and 1b) above, this contribution presents the details and performance evaluations of two backward-compatible femto-to-macro interference mitigation techniques for the control channel. These are:
· Time-domain approaches
· Almost blank subframes (ABS) / MBSFN subframes
· Sparse control channel
· Power setting

· Femto-cell power setting based on path-loss from macro-cell
2. Trapped macro UEs
With CSG (closed subscriber group) femto deployment, non-CSG-member macro UEs may be located in the coverage of active HeNBs. Such UEs will experience very heavy downlink interference (on both the control and data channels) from the aggressor HeNBs located nearby. Several contributions have presented proposed solutions to this problem [3] [4]. Some of these contributions, however, propose non-backward compatible techniques and are therefore not pertinent to Rel-8/9 UEs for which interference management is also important. This contribution focuses on the performance of the control channel for such UEs using techniques having no impact for Rel-8/9 UEs. This is illustrated in Figure 1. For the remainder of this contribution, such UEs are referred to as “trapped macro UEs”. 
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Figure 1 – High downlink interference for the “trapped” macro UE from the aggressor HeNB.

3. Interference Mitigation Techniques
3.1. Time-domain approaches
The techniques available to reduce interference on the PDCCH, PHICH and PCFICH are shown in Table 1.
3.1.1. No coordination
Since the number of UEs served by a HeNB is expected to be small, the HeNB may be forced to use one OFDM symbol for the control channel, with the rest of the subframe used for PDSCH transmission in order to maximize the data　throughput. This operation is very detrimental for the trapped macro UE such that a RLF (radio link failure) will be declared. To counter such a situation from occurring, figures (b) through (e) depict some possible backward-compatible interference coordination techniques. 
Table 1 – The various backward-compatible femto-to-macro control channel interference mitigation techniques available
	
	(a) No coordination
	(b) Sparse PDCCH
	(c) MBSFN
	(d) ABS
	(e) ABS + Shift
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	Pros
	1. Femto operation is not hampered
	1.  Macro UE may receive PDCCH, extended PHICH, and PCFICH
2. Femto can transmit data
	1. Macro UE may receive PDCCH, and extended PHICH
2. Macro UE can receive clean PDSCH
	1. Macro may receive PDCCH, PCFICH and PHICH
	1. Macro can receive PDCCH, PHICH, and PCFICH



	Cons
	1. PCFICH,  PHICH and PDCCH of macro is heavily interfered
2. PDSCH of macro is completely corrupted
	1. Macro PCFICH is more interfered than the others (PDCCH and extended PHICH)
2. PDSCH of macro is corrupted. (Thus, PDCCH is for UL grant.)
	1. Macro PCFICH has high interference from femto
2. Femto cannot transmit data

3. MBSFN subframes cannot be configured on subframes 0, 4, 5 and 9
	1. Macro PCFICH is more interfered than the others
2. Macro PDSCH is interfered by femto CRS

3. Femto cannot transmit data
	1. Femto control interferes macro data
2. Macro PCFICH is more interfered than the others

3. Macro PDSCH is interfered by femto CRS

4. Femto cannot transmit data


3.1.2. Sparse control channel
In (b), the femto layer is forced to use all three OFDM symbols for the control channel, thus making the control channel sparser. Such approaches have been previously introduced [5],[6] in the context of the macro-pico case. Making the femto control channel sparse has the advantage that the probability of collision on the PDCCH, PHICH and PCFICH belonging to the trapped macro UE is reduced, which then boosts the effective SINR on these channels. Furthermore, the HeNB may continue to transmit data in the PDSCH region of the subframe. The disadvantage of this method is that the PDSCH of the trapped macro UE undergoes interference from the HeNB. However, techniques such as resource partitioning to counter this situation have been proposed [7]. One advantage is that UL scheduling grant can be transmitted in these subframes. Another advantage is that sparse control channel possibly reduces the interference among femto cells.
3.1.3. MBSFN subframes
In (c), the MBSFN subframe configuration is shown [8]-[10]. In the MBSFN configuration, the subframe does not carry any PDSCH transmission and the control region is limited to 1-2 OFDM symbols. Furthermore, Common Reference Signal (CRS) exists only in the control region. If the femto layer is forced to use only one OFDM symbol for the control channel with MBSFN configuration, the trapped macro UE experiences no interference on OFDM symbols 2 and 3. This reduces interference on the PDCCH and PHICH (if the extended PHICH is used) for the trapped macro UE. However, since the first OFDM symbol is still occupied on the femto layer, the trapped macro UE will still receive a corrupted PCFICH. Furthermore, since the MBSFN subframes cannot be transmitted on symbols 0, 4, 5 and 9, this technique has a limitation. But, the limitation may not be so serious since the number of trapped macro-UE will be limited as well.
3.1.4. Almost blank subframes
The almost blank subframe (ABS) configuration is depicted in (d) [11]-[14]. In such a configuration, the subframe only carries CRS (except when SIB-1/paging). This technique reduces the interference on all three control channels for the trapped macro UE. However, interference from femto-CRS still exists.

3.1.5. ABS + shift
Finally, (e) depicts a time-domain approach whereby the femto layer is forced to transmit ABSs shifted by one OFDM symbol. Doing so eliminates interference caused especially to the PCFICH of the trapped macro UE from the HeNB. Interference to the PDCCH and PHICH of the trapped macro UE is also avoided. However, the control region of subsequent femto subframes will cause interference to the PDSCH of the trapped macro UE. This technique is not evaluated in this contribution.
As described above, it is seen that each of these techniques have their own advantages and disadvantages. In this contribution, the performance of techniques (b) through (d) is compared against (a). In order to protect the PHICH for the trapped macro UE, the extended PHICH [15] is used such that the PHICH occupies all three OFDM symbols of the control channel as shown in Figure 2(b) (compared with non-extended PHICH shown in Figure 2 (a)). It is assumed that the macro layer always uses a control region spanning three OFDM symbols in Figure 2.
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                 (a) Normal PHICH

        (b) Extended PHICH

Figure 2 – Sparseness for the PHICH for trapped macro UEs. The extended PHICH spans all three OFDM symbols.

Figure 3 shows one possible operation scenario of the proposed PDCCH sparseness scheme in conjunction with AB and MBSFN subframes. The AB+MBSFN or AB subframes occur at intervals of eight subframes due to the reception of upling grants and the timing for uplink HARQ as described in [16]. The rest of the subframes in the femto layer are transmitted with sparse PDCCH so as to enable the trapped macro UEs to correctly decode control channels. Note that sparse control channel is standard transparent solution.
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Figure 3 – Possible operation showing the use of sparse control channel subframes and AB+MBSFN subframes in the femto layer.

3.2. Power Setting
In addition to the techniques shown above, the performance of the system with power setting enabled at the femto layer is also examined. A power setting scheme as shown in [17] based on the interference measurement from the macro eNB is implemented as
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where parameters Pmax  and Pmin  are the maximum and minimum HeNB transmit power settings, 
[image: image10.wmf]CRS

is measured in dBm, which is the Reference Signal Received Power (RSRP) per resource element present at the HeNB antenna connector received from the strongest co-channel macro cell. Parameter  is a linear scalar that allows altering the slope of power control mapping curve,  is a parameter expressed in dB that can be used for altering the exact range of 
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 covered by dynamic range of power control. 
4. Performance Evaluation

This section provides the performance evaluation results. Figure 4 shows one instance of the user distribution. For the femto layer, the 5x5 grid model [18] is used. The 5x5 grids are uniformly distributed in the simulation scenario. There is a certain probability that each apartment in a 5x5 grid contains an active HeNB. Every active HeNB serves one associated femto UE. The macro UEs are uniformly distributed in the scenario as well. As a result, it is possible for a macro UE to be located in the vicinity of a HeNB. Such a macro UE is then considered to be “trapped” and undergoes heavy interference from the nearby HeNB. The results shown in this contribution concentrate on the performance of the trapped macro UEs. 
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Figure 4 – User distribution showing uniformly distributed 5x5 apartment grids and macro UEs. (Each active HeNB serves one associated femto UE. Based on this distribution, it is possible for a macro UE to be located close to an active HeNB.)
4.1. Identification of Trapped Macro UEs

For a UE to be marked as “trapped”, its path loss to HeNBs is taken into consideration. This is done in order to maintain a consistent set of macro UEs across the various simulation runs, regardless of whether power control is used or not. For any given HeNB, if the path loss (including shadowing) to any macro UE falls below a certain threshold, that macro UE is identified as trapped. The value of the path loss threshold is optimized such that the effects of interference mitigation are significantly detectable by the trapped macro UE. The path loss threshold value used is 85 dB, which corresponds to approximately 40 m, if the distant dependent path loss (without wall penetration loss) is taken into account and (approximately 9 m if the distance dependent path loss (with wall penetration loss) is taken into account). According to this methodology, approximately 10% of macro UEs in the system are identified as trapped. This value ensures that if the macro UE lies within the 5x5 grid (and there is at least one active HeNB in the grid), then that UE will most likely be identified as trapped. On the other hand, if the macro UE lies outside the 5x5 grid, this value of 85 dB ensures that it will only be identified as trapped if it is close to the 5x5 grid and if a HeNB exists close to the edge of the grid. The results shown in this contribution only report the performances of such trapped macro UEs.
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Figure 5 – Definition of trapped macro UEs
4.2. Simulation Parameters
The results shown in the subsequent section concentrate on the downlink and show the performance of all three control channels (PDCCH, PCFICH and PHICH) with the various methods described above. The path loss models used are taken from [18]. Table 2 shows the simulation parameters used.
Table 2 – Simulation parameters.
	Parameter
	Macro
	Femto

	Cellular layout
	7 cell sites, 3 sectors per site
	4 5x5 grids per sector

	Inter-site distance
	500 m
	-

	Minimum distance between UE and eNB/pico eNB
	35 m
	0.2 m

	Distance-dependent path loss
	128.1 + 37.6log10(R) dB, R in km
	127 + 30log10(R) dB, R in km

	Shadowing standard deviation
	8 dB
	10 dB

	Penetration loss
	20 dB (where applicable)

	Moving speed
	3 km/h

	Antenna pattern
	See Table 2.1.1-2 [TR 36.814]
	A() = 0 dB (horizontal)

	Total BS TX power (Ptotal)
	46 dBm
	See below

	Antenna configuration
	2 Tx  and 2 Rx antenna ports, uncorrelated

	Antenna gain
	14 dBi
	5 dBi

	Max./Min. Tot. HeNB tx. Power
	-
	20 dBm/-10dBm

	UEs per HeNB/eNB sector
	10
	1

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	Antenna ports
	2

	PHICH group size
	7

	HeNB activation probability
	-
	10%

	Power setting parameter 
	-
	1

	Power setting parameter 
	-
	42.78 dBm

	Minimum SINR for effective SINR calculation
	-10 dB

	Maximum SINR for effective SINR calculation
	19.5 dB


4.3. Evaluation Results for Trapped Macro UEs
This contribution evaluates the SINR of each resource element (RE) of the control channels of the trapped macro UE that would significantly vary from RE to RE due to the interference from femto-cells and fading effects. Thus, the results shown in this section report the effective SINR calculated from the SINR values of each RE. Appendix A shows the calculation of the effective SINR. 
4.3.1. PDCCH Performance
Figures 6 (a) and (b) show the effective PDCCH SINR for the various schemes described above without and with HeNB power setting, respectively. The case when the transmit power of HeNBs is set to zero is used as the benchmark. Clearly, this is the ideal performance which the schemes described in the previous sections aim to approach. From this figure, it is clearly seen that no coordination between the femto and macro layers results in the worst performance compared with the case when coordination between femto and macro layers exist. The remaining three schemes (sparse PDCCH, MBSFN and ABS) result in a better PDCCH performance. Between MBSFN and ABS, ABS performs better on account of the fact that there is no control information at all in the subframe. Using a sparse PDCCH results in a slightly degraded performance compared to MBSFN or ABS, however, it still results in an approximately 9 dB improvement over the no coordination case. With HeNB power setting, it is obvious that the same curves undergo a significant improvement; PDCCH performance of each configuration approaches within 1 dB of the benchmark performance. In the lower SINR regime, the performances of the three schemes become comparable with that of the benchmark. However, further study on the trade-off between power reduction and data throughput reduction in the femto-cell. 
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(a) W/o HeNB power setting
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(b) With HeNB power setting


Figure 6 – Effective PDCCH SINR for trapped macro UEs.
4.3.2. PCFICH Performance
Figures 7 (a) and (b) show the effective PCFICH SINR for the various schemes described above without and with HeNB power setting, respectively. This figure shows that without HeNB power setting, the performance of PCFICH is very poor. None of the schemes approach within 6.5 dB of the benchmark curve. This is because the PCFICH always occurs on the first OFDM symbol. Here, it is seen that sparseness works better than uncoordinated subframes since the control information is spread over all three available OFDM symbols. With HeNB power setting, we see that PCFICH performance improves by approximately 6 dB. 
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(a) W/o HeNB power setting
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(b) With HeNB power setting


Figure 7 – Effective PCFICH SINR for trapped macro UEs
4.3.3. PHICH Performance
Figures 8 (a) and (b) show the effective PHICH SINR without and with HeNB power setting, respectively. Extended PHICH was used for the sparse PDCCH case and normal PHICH was used for the no coordination case. Clearly, it is seen that introducing sparseness in the macro-PHICH – by extending/spreading it over the three OFDM symbols in the macro cell with sparse PDCCH in the femto cell results in a significantly improved PHICH performance. In fact, this approach results in an approximately 7 dB improvement in performance over the traditional case where the PHICH occurs on only the first OFDM symbol. This approach moves the performance of the PHICH to within 2 dB of the benchmark. However, it is seen that even more improvements are made if the extended PHICH scheme is augmented with power control. In this case, the extended PHICH performance shifts to within 1 dB of the benchmark performance.
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(a) W/o HeNB power setting
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(b) With HeNB power setting


Figure 8 – Effective PHICH SINR for trapped macro UEs
5. Conclusion
This contribution has presented the details and performance evaluations of backward-compatible femto-to-macro interference mitigation techniques for the control channel. Our investigation is summarized as follows:
· ABS, MBSFN, and sparse PDCCH configurations with power setting in femto cell achieve comparable performance with the benchmark case (where HeNB power is set to zero) in terms of lower percentile region of SINR CDF. However, trade-off between HeNB power reduction and femto cell throughput degradation needs further study.
· For PHICH, using the extended PHICH in the macro layer and sparse control channel in the femto layer results in improved trapped macro UE performance.
· Sparse PDCCH setting in femto cell is a standard transparent scheme, and beneficial to improve the control channel performance of trapped macro UEs; it would enable macro eNBs to transmit uplink grants even in non-protected subframes, providing additional scheduling flexibility in macro-cell on top of ABS configuration. In addition, sparse PDCCH would also be effective reducing the interference among femto-cells. Therefore, it is a backward-compatible interference mitigation scheme that is beneficial to both the macro and femto layers.
6. Appendix: Effective SINR calculation
In order to calculate the effective SINR across all the allocated REs on any of the control channels belonging to UE u, a mapping to the capacity-domain is first made and this is then re-translated into the SINR domain as explained in [20]. Therefore, the effective SINR for UE u on the control channel y (y representing either the PDCCH, PCFICH or PHICH) is calculated as
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where 
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 is an ordered set p1 = (n1 , t1) containing an RE index and a time instant, indicating the position of the RE in question. The capacity 
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 is calculated using the attenuated and truncated Shannon bound, as described in [21]. According to this bound, capacity saturates beyond a certain SINR or becomes zero below a certain SINR in order to avoid unrealistically high or low values.
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