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1. Introduction 
The work item [1] proposes transmit-side signalling enhancements as follows:
Identify the scenarios for which the following UE performance requirements will be specified, in terms of, e.g., number of interferers and their relative levels with respect to the serving cell.

· UE performance requirements to enable significantly improved detection of PCI and system information (MIB/SIB-1/Paging) in the presence of dominant interferers for FDD and TDD systems, and different network configurations (e.g., subframe offset / no-subframe offset)

· UE performance requirements for significantly improved DL control and data detection and UE measurement/reporting in the presence of dominant interferers (including colliding and non-colliding RS, as well as, MBSFN used as ABS, as well as, ABS subframe configurations) for FDD and TDD systems.

· Dominant interference applicable to both macro-pico and CSG scenarios and  with or without handover biasing
In our earlier contribution [4] during RAN1 #66, based on system-level evaluation, our results showed that with perfect cancellation (no cancellation error) of cell-specific reference signals from a set of dominant interferer(s), Rel-10 ICIC significantly improves data channel performance relative to a LTE het-net without eICIC. On the other hand, our results also show there are no gains overall (from a cell-area throughput perspective) with large-bias cell range expansion (CRE) relative to het-net operation without range expansion. 
Our view therefore was that the motivation for range-extended het-net operation was questionable especially since the benefits (in terms of cell-area throughputs) of such operation are not obvious, yet the problems (associated with PBCH/PSS/SSS and potentially PDSCH reception for cell-edge pico cell users) are quite apparent. After extensive discussions during RAN1 #66, there was no consensus on the gains associated with large bias CRE. It was further agreed to evaluate the performance of different UE receivers for various combinations of traffic arrival patterns and channel models [2] [3]. 
This contribution presents further system-level evaluation results from Texas Instruments for both TU and ITU channel models for a) MMSE receiver without neighboring cell CRS cancellation and b) MMSE receiver with CRS interference cancellation receiver. Unlike our prior contribution [4] which assumes idealized interference cancellation (IC) – e.g using transmit-side muting – this contribution explicitly models CRS interference and IC errors during Almost-blank subframes (ABS). 
2. Evaluation results

We present numerical simulation results based on the parameters as given in Appendix (Section 6). We assume a 57 cell model and 2 pico cell eNodeBs (dropped uniformly randomly) in each cell. All simulation parameters are aligned with [7]. Full buffer traffic model is assumed. Due to time-constraints as well as the large number of combinations of different modeling scenarios, results for the non-full buffer traffic model and the puncturing UE receiver could not be presented for this meeting. 

For the ITU model, CRE bias values are chosen as 0 dB, 6 dB, 12 dB and 16 dB respectively. Although the evaluation campaign agreed for even larger bias values (e.g. an 18 dB biasing data-point), in practice, our system simulations observed 100 % offloading onto pico cell eNodeBs causing instability in system simulations; from deployment perspective, we also anticipate such “extreme” network operational regimes are questionable in practice as well unless the operator desires to turn off the macro cell eNodeB completely.
Users are dropped according to a clustered configuration (Configuration 4b) wherein 2/3rd of users (60 UEs per cell) are dropped around hotspots. For TU channel model, path-losses are modelled as per Model 1 [Table A.2.1.1.2-3, 5] which assumes NLOS links. For ITU channel model, path-losses are modelled as per the CoMP evaluation as specified in [6]. 

2.1. Reference Signal Collision Modeling

The system-level simulations explicitly model CRS interference during ABS. As per evaluation campaign assumptions [3], the simulations explicitly model a planned macro cell eNodeB layout – CRS v-shifts within the first ring of macro cell interferers are non-identical – and randomly deployed pico cell eNodeBs. Such modeling eliminates the occurrence of colliding CRS from multiple macro cell eNodeBs on the same set of resource elements at pico cell eNodeBs.

2.2. Code-Block Level Interference Modeling

In the system-level simulations, lookup from the link-level BLER-SINR curves was performed on a per code-block basis as described in [3]. For simplicity and ease of modeling, the system-simulator assumes that each code-block spans an integer number of OFDM symbols within the set of scheduled PRBs for the UE of interest. Within each code-block, the interference was averaged over all resource elements within the code-block. The averaged interference level varies across code-blocks depending on whether or not the symbols spanning each code block carry cell-specific reference signals (CRS) from the dominant eNodeB interferer (s). 

Assumption: All eNodeBs transmit synchronously; additionally, we make a stronger assumption that each UE receives the signals from all eNodeBs within the same OFDM symbol. Such an assumption is required in order to model the CRS of the desired transmitter and the interfering eNodeBs to lie within the same OFDM symbol.

2.3. Channel Estimation Error Modelling with “MMSE + CRS IC” Receiver
With a “MMSE + CRS IC” receiver, the channel estimation error is modelled assuming a one-dimensional MMSE channel estimator for estimating the channels on the CRS positions of a set of dominant interferer (s), assuming the MMSE filtering operation (for each receive antenna and for each CRS antenna port) is carried out over
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 resource elements.  Note that in practice, the CRS IC receiver would need to be aware of the OFDM symbol offset (if applicable) between the dominant interferer and the desired transmitter in order to cancel CRS interference over the correct set of resource elements.

Mathematically, the received signal model (of dimension 
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 resource elements is given as:
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In above equation, the noise term n models the effect of self-interference from the PDSCH of the serving cell as well as the effects of thermal noise and quantization error (if any). As per evaluation agreements during RAN1 #66 [3], no power boosting is assumed while modelling CRS transmit power with respect to PDSCH transmit power. With the aforementioned model, the expression for the residual error (following MMSE filtering and IC) is given as 
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Above expression suggests that for large bias, the error goes to zero since the RSRP of the dominant interferer (whose channel is to be estimated) is significantly larger than the RSRP of the weaker serving cell. 
2.4. TDM Aspects

Pico cell eNodeBs are assumed to transmit over all subframes, whereas the macro cell eNodeB is assumed to transmit on a fraction of each frame. Four different ABS pattern configurations are considered (0/2/4/6 ABS in each radio frame). All eNodeBs are assumed to be time-synchronized within 1 OFDM symbol. 


[image: image5]
Figure 1: ABS patterns for modelling Rel-10 ICIC (resource-restricted scheduling and CSI measurement).

2.5. Transmission Scheme

All users are scheduled in TM-9 according to single user (SU) transmission. The CSI reporting for each UE is modeled according to the resource-restricted CSI measurement specified in Rel-10 ICIC. Periodic CSI reporting is assumed with two sets of CSI reporting parameters with each set of reporting parameters corresponding to a CSI feedback linked to a subset of indicated subframes in each radio frame. 

2.6. Notation

In results shown below, the percentages of ABS in each radio frame are given with the modeling as described in Figure 1, Section 2.4. 

· UE Receiver Types
· “MMSE + no CRS IC” receiver: No CRS cancellation is performed; the receiver assumes that it’s estimated interference plus noise covariance matrix is diagonal (such a receiver is also referred as a “MMSE Option 1 receiver” as per R1-110586).
· “MMSE + CRS 1-IC” receiver (cancels CRS from strongest interferer prior to MMSE) with channel estimation error modeling as discussed in Section 2.3.
· “MMSE + CRS 2-IC” receiver (cancels CRS from two strongest interferers prior to MMSE) with channel estimation error modeling as discussed in Section 2.3.
· If the percentage of ABS is shown as 0%, the results correspond to het-net performance without Rel-10 eICIC [no resource-restricted CSI measurement and no muted subframes at macro cell layer].
· If the percentage of ABS is greater than 0 %, the results correspond to het-net performance with Rel-10 eICIC [resource-restricted CSI measurement and muting of subframes at macro cell layer].

· The cell area throughput refers to the average throughput (b/s/Hz) corresponding to the macro cell eNodeB throughput plus the throughput delivered by all pico cell eNodeBs deployed within the macro cell area.

· The low power node (LPN) throughput refers to the average throughput (b/s/Hz) delivered by all pico cell eNodeBs within the macro cell area.
3. Results: ITU Channel Model and Full Buffer Traffic
3.1. Baseline Results without CRE and “MMSE + No CRS IC” Receiver
In this section, we report the baseline results (no CRE) for the ITU channel model. The baseline pico cell association ratio (without CRE) equals nearly 66 %. We report the cell-edge throughputs, the average cell-area throughput and the average LPN throughput. Below each table, we report cell area throughputs in a homogeneous network assuming users are dropped as per Configuration 4b [5]. 
 

Table 1: System-level Performance without CRE (MMSE Option 1 Receiver)
	% of ABS
	AR
	CRE Bias (dB)
	MUE cell-edge
throughput

(bps/Hz)
	PUE cell-edge throughput (bps/Hz)
	Cell area throughput

(bps/Hz)
	Total LPN throughput per sector (bps/Hz)

	0 (no eICIC)
	65.7 %
	0
	0.015
	0.042
	4.94
	3.99

	40
	
	
	0.008
	0.047
	4.67
	4.13

	60
	
	
	0.005
	0.05
	4.74
	4.39


Summary of Table 1:
· Without CRE, the association ratio obtained with ITU model is already high (nearly 66 %). Further, cell-edge PUEs data channel throughputs are at least 4X higher relative to the cell-edge throughputs at MUEs. 
· Without CRE and no eICIC, the cell-area spectral efficiency equals 4.94 b/s/Hz and the LPN throughput equals 3.99 b/s/Hz.
· Without CRE and eICIC, pico cell eNodeBs deliver higher throughputs with increasing percentage of ABS at macro cell layer. For example, with 6 muted subframes/radio frame at the macro layer, the LPN throughput equals 4.39 bps/Hz.
Above results suggests that the baseline performance (no CRE) is quite reasonable in terms of overall cell-area throughputs, the pico cell association ratio and the cell-edge PUE performance.

3.2. Results with CRE and “MMSE + No CRS IC” Receiver
Table 2: System-level Performance with CRE (MMSE Option 1 Receiver)
	Bias Value
	AR
	%  of ABS


	MUE

 cell-edge throughput

(bps/Hz)
	PUE cell-edge throughput (bps/Hz)
	Cell area throughput (bps/Hz)
	Total LPN throughput per sector (bps/Hz)

	6
	74.4 %
	0
	0.021
	0.023
	4.47
	3.37

	
	
	40
	0.012
	0.028
	4.22 
	3.6

	
	
	60
	0.008
	0.031
	4.23
	3.82

	12
	82.7 %
	0
	0.035
	0.010
	4.18
	2.89

	
	
	40
	0.019
	0.015
	3.81
	3.10

	
	
	60
	0.013
	0.017
	3.74
	3.28

	16
	87.7 %
	0
	0.055
	0.005
	4.13
	2.72

	
	
	40
	0.029
	0.008
	3.62
	2.83

	
	
	60
	0.018
	0.01
	3.49
	2.98


Summary of Table 2:
· With CRE, the association ratio increases to a maximum of nearly 88 %. 
· CRS-to-PDSCH collision significantly deteriorates the PUE throughputs especially at large CRE bias values. 
· At CRE bias of 16 dB, even with Rel-10 eICIC, the cell-edge PUE throughput equals 0.01 bps/Hz. In comparison, the maximum cell-edge PUE throughput in the baseline scenario (Table 1) equals 0.05 bps/Hz; this corresponds to an 80 % loss in cell-edge PUE throughput due to CRS interference. 
· Without interference cancellation, at CRE bias value equaling 16 dB, the maximum LPN throughput equals 2.98 bps/Hz. Compared to the maximum LPN throughput of 4.39 bps/Hz in the baseline scenario in Table 1, this corresponds to a nearly 32 % loss in LPN throughput.
In summary, with large-bias CRE and “MMSE + no CRS IC” receiver, there is a significant deterioration in cell-area throughput as well as cell-edge PUE throughputs. One way to tackle the impact of CRS from dominant interferer in range-extended het-nets is via advanced UE receivers (e.g. IC receivers).

The following sections analyze the performance with IC, specifically with cancelling the CRS interference from the strongest interferer (“MMSE + CRS 1-IC” receiver) and the two strongest (“MMSE + CRS 2-IC” receiver) interferers respectively.
3.3. Results with CRE and “MMSE + CRS 1-IC” Receiver 
Table 3: System-level Performance with CRE (PUEs cancel CRS from Strongest Interferer)
	Bias Value
	AR
	% of ABS


	MUE

 cell-edge throughput

(bps/Hz)
	PUE cell-edge throughput (bps/Hz)
	Cell area throughput (bps/Hz), LPN throughput (bps/Hz)
	Total LPN throughput per sector (bps/Hz)

	0
	65.7 %
	20
	0.01
	0.045
	4.61
	3.94

	
	
	40
	0.008
	0.050
	4.80
	4.27

	
	
	60
	0.005
	0.054
	4.89
	4.54

	6
	74.4 %
	20
	0.015
	0.029
	4.31
	3.53

	
	
	40
	0.012
	0.035
	4.49
	3.87

	
	
	60
	0.008
	0.039
	4.52
	4.11

	12
	82.7 %
	20
	0.024
	0.017
	4.07
	3.17

	
	
	40
	0.019
	0.022
	4.21
	3.50

	
	
	60
	0.012
	0.026
	4.17
	3.71

	16
	87.7 %
	20
	0.036
	0.012
	3.96
	2.98

	
	
	40
	0.029
	0.016
	4.06
	3.27

	
	
	60
	0.019
	0.019
	3.96
	3.46


Summary of Table 3:

· With the “MMSE + CRS 1-IC” receiver, the performance is improved (relative to “MMSE + no CRS IC” receiver) in terms of LPN throughputs and the cell-edge PUE throughputs. 

· For example, at 16 dB CRE bias, the cell-edge PUE throughput equals 0.019 bps/Hz. In comparison, with “MMSE + no CRS IC”, the best-case PUE throughput at a 16 dB CRE bias (Table 2) is 0.01 bps/Hz. Thus, there is a nearly 100 % improvement in cell-edge PUE throughput.

· At 16 dB CRE bias and “MMSE + CRS 1-IC”, the best-case LPN throughput equals 3.46 bps/Hz. In comparison, from Table 5, the best-case LPN throughput with “MMSE + no CRS IC” at 16 dB CRE bias equals 2.98 bps/Hz. This corresponds to a nearly 16 % improvement in LPN throughput.
· Relative to baseline scenario (Table 1), there is no gain obtained with CRE even with “MMSE + CRS 1- IC” receiver.
· In Table 1, assuming no CRE and “MMSE + no IC” receiver, the overall cell area throughput and LPN throughput obtained is equal to 4.94 bps/Hz and 3.99 bps/Hz respectively. In comparison, the best case cell area throughput and LPN throughput with “MMSE + CRS 1-IC” receiver are equal to 4.06 bps/Hz and 3.46 bps/Hz respectively. That is, in range-extended scenario, there is a nearly 18 % loss in cell area throughput (resp. 13 % loss in LPN throughput) relative to a non-range-extended het-net.
In summary, cancelling CRS interference improves het-net performance in range-extended scenarios. However, in comparison to a non-range extended het-net, we do not observe any improvements from the perspective of either cell-area throughput and/or cell-edge PUE throughput. In a previous contribution [4], we have analyzed the performance of a range-extended het-net with ideal IC (no residual error) and observed identical conclusions as above.
3.4. Results with CRE and “MMSE + CRS 2-IC” Receiver 
Table 4: System-level Performance with CRE (PUEs cancel CRS from Two Strongest Interferers)
	Bias Value
	AR
	%  of ABS


	MUE

 cell-edge throughput

(bps/Hz)
	PUE cell-edge throughput (bps/Hz)
	Cell area throughput (bps/Hz), LPN throughput (bps/Hz)
	Total LPN throughput per sector (bps/Hz)

	0
	65.7 %
	20
	0.010
	0.045
	4.63
	3.96

	
	
	40
	0.008
	0.051
	4.82
	4.29

	
	
	60
	0.005
	0.054
	4.91
	4.56

	6
	74.4 %
	20
	0.015
	0.031
	4.36
	3.58

	
	
	40
	0.012
	0.037
	4.54
	3.92

	
	
	60
	0.008
	0.041
	4.57
	4.17

	12
	82.7 %
	20
	0.024
	0.020
	4.14
	3.25

	
	
	40
	0.019
	0.026
	4.31
	3.59

	
	
	60
	0.012
	0.029
	4.28
	3.81

	16
	87.7 %
	20
	0.036
	0.015
	4.05
	3.07

	
	
	40
	0.029
	0.020
	4.17
	3.39

	
	
	60
	0.018
	0.024
	4.10
	3.60


Summary of Table 4:

· With the “MMSE + CRS 2-IC” receiver, similar performance improvements as in Section 3.3 are observed (relative to the CRE + “MMSE + No CRS IC” scenario).

· There is additional performance improvement obtained by cancelling the CRS from the two strongest interferers, relative to canceling the CRS from just one interferer.

· For example, at a 16 dB CRE bias and 60 % ABS, with a “MMSE + CRS 2-IC” receiver, the LPN throughputs and the cell-edge PUE throughputs improve by nearly 4 % and 26 % respectively, in comparison to the “MMSE + CRS 1-IC” receiver. 

· Similar to the observations in Section 3.3, the performance of a het-net without CRE and “MMSE + No CRS IC” receiver is still superior to the performance of a het-net with CRE and “MMSE + CRS IC” receiver. 

· At 16 dB CRE bias, the best-case cell throughputs and LPN throughputs in Table 4 are 4.17 bps/Hz and 3.60 bps/Hz. In comparison, a het-net without CRE and “MMSE + No CRS IC” receiver has corresponding throughputs of 4.94 bps/Hz and 3.99 bps/Hz (from Table 1). Therefore, range-extended operation creates a nearly 16 % loss in cell area throughput and a nearly 10 % loss in LPN throughput relative to non-range-extended het-net.

4. Results: TU Channel Model and Full Buffer Traffic
4.1. Baseline Results without CRE and “MMSE + No CRS IC” Receiver
In this section, we report the baseline results (no CRE) for the ITU channel model. The baseline pico cell association ratio (without CRE) equals nearly 37 %. Below each table, we report cell area throughputs in a homogeneous network assuming users are dropped as per Configuration 4b [5].
 

Table 5: System-level Performance without CRE (MMSE Option 1 Receiver)
	% of ABS 
	AR
	MUE cell-edge throughput (bps/Hz)
	PUE cell-edge throughput (bps/Hz)
	Cell area throughput

(bps/Hz)
	LPN throughput (bps/Hz)

	0 (no eICIC)
	36.7%
	0.007
	0.020
	2.84
	1.98

	20
	
	0.007
	0.025
	3.27
	2.38

	40
	
	0.006
	0.028
	3.18
	2.51

	60
	
	0.004
	0.031
	3.14
	2.69


Summary of Table 5:
· Without CRE, cell-edge PUEs throughputs are at least 3X higher relative to the cell-edge throughputs at MUEs. 

· Without CRE and without eICIC, the baseline cell-area spectral efficiency equals 2.84 b/s/Hz and the baseline LPN throughput equals 1.98 b/s/Hz.

· Without CRE and eICIC, pico cell eNodeBs deliver higher throughputs with increasing percentage of ABS at macro cell layer. For example, with 6 muted subframes/radio frame at the macro layer, the LPN throughput equals 2.69 bps/Hz.

Above results suggests that the baseline performance is quite reasonable in terms of overall cell-area throughputs, the pico cell association ratio and the cell-edge PUE performance.

4.2. Results with CRE and “MMSE + no CRS IC” Receiver
Table 6: System-level Performance with CRE (MMSE Option 1 Receiver)
	Bias Value
	AR
	%  of ABS


	MUE

 cell-edge throughput

(bps/Hz)
	PUE cell-edge throughput (bps/Hz)
	Cell area throughput (bps/Hz)
	Total  LPN throughput per sector (bps/Hz)

	6
	51.6
	0
	0.010
	0.008
	2.42
	1.43

	
	
	20
	0.011
	0.011
	2.84
	1.82

	
	
	40
	0.008
	0.012
	2.74
	1.96

	
	
	60
	0.006
	0.014
	2.62
	2.11

	12
	66.4%
	0
	0.016
	0
	1.88
	0.74

	
	
	20
	0.017
	0.002
	2.57
	1.40

	
	
	40
	0.013
	0.004
	2.43
	1.54

	
	
	60
	0.009
	0.005
	2.24
	1.65

	18
	79.3 %
	0
	0.028
	0
	1.41
	0.12

	
	
	20
	0.029
	0
	1.92
	0.62

	
	
	40
	0.022
	0
	1.70
	0.70

	
	
	60
	0.014
	0
	1.54
	0.88


Summary of Table 6:

· With CRE, the association ratio increases to a maximum of nearly 80 %. 

· CRS-to-PDSCH collision significantly deteriorates the PUE throughputs especially at large CRE bias values. 

· At CRE bias of 18 dB, even with Rel-10 eICIC, the cell-edge PUEs obtain zero throughputs due to CRS collision from dominant interferers.
· At CRE bias of 18 dB and 60 % ABS, the best-case LPN throughput equals 0.88 bps/Hz. Compared to the maximum LPN throughput of 2.69 bps/Hz in the baseline scenario in Table 5, this corresponds to a nearly 67 % loss in LPN throughput.
In summary, similar to the conclusions in Section 3.2, there is a significant deterioration in cell-area throughput as well as cell-edge PUE throughputs, as a result of CRS-to-PDSCH collisions in range-extended scenarios. The following sections analyze CRE performance of CRE with IC receiver.
4.3. Results with CRE and “MMSE + CRS 1-IC” Receiver

Table 7: System-level Performance with CRE (PUE cancels CRS from Strongest Interferer)
	Bias Value
	AR
	% of ABS


	MUE

 cell-edge throughput

(bps/Hz)
	PUE cell-edge throughput (bps/Hz)
	Cell area throughput (bps/Hz)
	Total LPN throughput per sector (bps/Hz)

	0
	36.7%
	20
	0.007
	0.027
	3.34
	2.45

	
	
	40
	0.006
	0.030
	3.31
	2.64

	
	
	60
	0.004
	0.033
	3.29
	2.84

	6
	51.6 %
	20
	0.011
	0.012
	3.03
	2.01

	
	
	40
	0.008
	0.015
	2.97
	2.20

	
	
	60
	0.006
	0.018
	2.89
	2.38

	12
	66.4 %
	20
	0.017
	0.005
	2.89
	1.72

	
	
	40
	0.013
	0.007
	2.80
	1.91

	
	
	60
	0.009
	0.009
	2.65
	2.06

	18
	79.3 %
	20
	0.029
	0
	2.53
	1.22

	
	
	40
	0.022
	0
	2.42
	1.43

	
	
	60
	0.014
	0
	2.2
	1.54


Summary of Table 7:
· With a “MMSE + CRS 1-IC” receiver, we observe improved LPN throughputs relative to a “MMSE + no CRS IC” receiver.
· At 16 dB CRE bias and “MMSE + CRS 1-IC” receiver, the best-case LPN throughput is equal to 1.54 bps/Hz. In comparison, the best-case LPN throughput with “MMSE + no CRS IC” receiver equals 0.88 bps/Hz (refer Table 6). This corresponds to a nearly 75 % improvement in LPN throughput.

· However, similar to the conclusions in Section 3.3, there is no gain obtained at large-bias CRE and “MMSE +CRS 1-IC” receiver relative to non-range-extended het-nets and “MMSE + no CRS IC” receiver. For example, without CRE and “MMSE + no IC” (Section 4.1, Table 5), the overall cell area throughput and LPN throughput is equal to 2.84 bps/Hz and 1.98 bps/Hz respectively. In comparison, with an 18 dB CRE bias and “MMSE + CRS 1-C” receiver, the best case cell area throughput and LPN throughputs equal 2.53 bps/Hz and 1.54 bps/Hz respectively.  
4.4. Results with CRE and “MMSE + CRS 2-IC” Receiver
Table 8: System-level Performance with CRE and PUEs cancel CRS from Two Strongest Interferers
	Bias Value
	AR
	% of ABS


	MUE

 cell-edge throughput

(bps/Hz)
	PUE cell-edge throughput (bps/Hz)
	Cell area throughput (b/s/Hz)
	Total LPN throughput per sector (bps/Hz)

	0
	36.7 %
	20
	0.007
	0.027
	3.36
	2.47

	
	
	40
	0.006
	0.031
	3.32
	2.65

	
	
	60
	0.004
	0.034
	3.32
	2.87

	6
	51.6 %
	20
	0.011
	0.013
	3.06
	2.04

	
	
	40
	0.008
	0.017
	3.01
	2.24

	
	
	60
	0.006
	0.019
	2.93
	2.42

	12
	66.4 %
	20
	0.017
	0.006
	2.94
	1.77

	
	
	40
	0.013
	0.009
	2.87
	1.98

	
	
	60
	0.009
	0.011
	2.73
	2.14

	18
	79.3 %
	20
	0.029
	0
	2.78
	1.47

	
	
	40
	0.022
	0
	2.68
	1.69

	
	
	60
	0.014
	0
	2.43
	1.77


Summary of Table 8:

· With CRE + “MMSE + CRS 2-IC”, similar performance improvements as in Section 4.3 are observed (relative to the CRE + “MMSE + No CRS IC” scenario).

· There is additional performance improvement obtained by cancelling the CRS from the two strongest interferers, relative to canceling the CRS from just one interferer.

· At 18 dB CRE bias, by cancelling the CRS from the two strongest interferers, the best-case LPN throughputs and the cell-edge PUE throughputs equal 1.77 bps/Hz and 2.78 bps/Hz, which corresponds to improvements of nearly 15 % and 10 % respectively, relative to the scenario with canceling only the strongest interferer.
· Similar to the observations in Section 3.3, the performance of a het-net without CRE and “MMSE + No CRS IC” receiver is still superior to the performance of a het-net with CRE and “MMSE + CRS 2-IC” receiver. 

· For example, at 18 dB CRE bias, the best-case cell throughputs and LPN throughputs in Table 8 are equal to 2.78 bps/Hz and 1.77 bps/Hz respectively. In comparison, without CRE and “MMSE + No CRS IC” receiver we observe throughputs of 2.84bps/Hz and 1.98 bps/Hz (from Table 5). 
5. Conclusion

Based on the extensive system-level simulations with explicit CRS interference modeling and different UE receivers, our conclusions are as follows:

Conclusion 1: With a baseline “MMSE + no CRS IC receiver”, there is performance degradation in cell-area throughput, LPN throughput and cell-edge PUE throughputs as a consequence of CRS transmissions from dominant interferers on ABS.

Conclusion 2: With large bias het-net operation, the het-net performance (in terms of cell-area throughputs as well as cell-edge PUE throughput) is improved if the UE receiver cancels neighboring cell CRS, relative to a UE receiver which does not cancel neighboring cell CRS. Overall however, het-nets without CRE (employing “MMSE + no CRS IC” receiver) still outperforms range-extended het-nets (operating with “MMSE + CRS IC” receiver). 
Conclusion 3: Gains obtained with range-expansion are questionable whether or not CRS-PDSCH interference is modeled explicitly. From previous contributions [4], even with perfect cancellation of CRS interference from dominant interferer, the gains (if any) associated with range-expanded het-net operation are limited. We see no perceivable benefits of range-expansion operation with or without advanced UE receivers.

In summary based on the above conclusions, we make the following two recommendations:

· Any conclusions made during study on CRE should take into account prior agreements (e.g. RAN1 #62bis [7]) which were based on the best case performance of range-extended het-nets (perfect IC). 
· CRE gives gains at least for low to moderate cell association bias values

· In the absence of CRS interference, studies are split on usefulness of large bias values
· Simulation studies conducted with explicit modelling of CRS interference and IC receiver reaffirm prior observations on the lack of usefulness of large bias values. As such, we do not see compelling reason for adopting range-extended het-net operation.
· Range-extended het-net operation should be further justified in terms of overall network operation and impact on UE testing and complexity. If at all UE-performance requirements are to be specified, they have to be justified – in terms of performance benefits – against alternative schemes such as, for example, transmit-side muting, receive-side puncturing and MBSFN operation of dominant interferer cells.
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6. Appendix
	Parameter
	Assumption

	Antennas
	2 TX (Macro), 2 TX  (Pico), 2 RX (UE)

	Deployment scenario
	Picos randomly overlaid onto 3GPP Case 1 macro-cells

	UE Placement
	Configuration 4b [5]

	Number of Pico cells per macro cell
	2

	Cellular layout
	Hexagonal grid, 3 sectors per site, reuse 1

	Channel model
	1. ITU path loss model (ITU urban macro from macro cell eNodeB to all UEs, ITU urban micro from pico cell eNodeB to all UEs.

2. SCM path loss model with TU fast fading

	Carrier frequency
	2 GHz

	System bandwidth
	10MHz

	Inter-site distance
	500 m

	UE speeds of interest
	3 km/h

	CRS modelling
	Macro cell eNodeBs: Planned cell ID layout.

Pico cell eNodeBs: Random cell ID selection

	Transmission mode
	Transmission mode 9 [UE-specific reference signals for demodulation and CSI reference signals for link adaptation.

	UE Receivers
	1. MMSE Option 1

2. IC receiver cancelling either one or two strongest interferers

	CSI reporting
	Resource-Restricted CSI based on Rel-10 ICIC

	CSI feedback delay
	5 ms

	Time-domain resource partitioning pattern in bitmap format (‘1’ in position 0<=X<=9 indicates ABS transmission during subframe number X within that radio frame).
	Option 1: 0000000000 (No eICIC)
Option 2: 1000010000 (20 % ABS in each radio frame)

Option 3: 1000110001 (40 % ABS in each radio frame)

Option 4: 1100111001 (60 % ABS in each radio frame)

	Handover Bias Values
	1. 0 dB, 6 dB, 12 dB, 16 dB for ITU model
2. 0 dB, 6 dB, 12 dB, 18 dB for TU model

	Macro eNB antenna pattern (horizontal)

(For 3-sector cell sites with fixed antenna patterns)
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 = 70 degrees,  Am = 25 dB

	Macro eNB antenna pattern (vertical)

(For 3-sector cell sites with fixed antenna patterns)
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	Macro eNB 3D antenna pattern
	
[image: image11.wmf](

)

(

)

(

)

[

]

{

}

m

V

H

A

A

A

A

,

min

,

q

j

q

j

+

-

-

=



	Pico antenna pattern
	Omni-directional

	UE noise figure
	9 dB

	Macro eNB antenna height
	32m

	UE antenna height
	1.5m

	Macro eNB TX power
	46 dBm

	Pico TX power
	30 dBm

	Macro eNB antenna gain
	14dBi

	Pico antenna gain
	5dBi

	UE Antenna gain
	0 dBi

	Placing of new nodes and UEs
	See Table A.2.1.1.2-4 [5]

	Minimum distance between UE and macro
	35 m

	Minimum distance between Pico and macro
	75 m

	Minimum distance between UE and Picos
	10m

	Minimum distance among Picos
	40 m

	Distance-dependent path loss 
	Please refer to relevant sections in [5] [6].

	Lognormal Shadowing
	Similar to UMTS 30.03, B 1.41.4 [ETSI TR 101 112]

	Shadowing standard deviation
	10 dB

	Shadowing correlation between cells

(Cells including macro cells and new nodes.)
	0.5

macro cells between sectors: 1















































































































































� EMBED Equation.3  ���





1 radio frame (10 ms)





Scheduled TTI (pattern value = 0)



































ABS (pattern value = 1)
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