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1. Introduction
In RAN1 #62, based on way forward [1], the following was agreed, among others:
· Macro-Pico: 

· Extend Rel 8/9 backhaul based ICIC to include time domain component

· Baseline

· Coordination of almost blank subframes* 

· Support for restricting RLM/RRM/CSI measurements at the Rel-10 UE to certain resources 

· The gains with cell range expansion (CRE) are still FFS in RAN1 and RAN4 will not start working on CRE enablers unless gains are concluded by RAN1

· No additional support shall be assumed in Rel-10 for cell range expansion beyond what is already possible in Rel-8

(*) if MBSFN is configured almost blank subframe does not contain CRS in the data region.
This contribution evaluates the gains provided by cell range expansion (CRE) schemes for different bias values against Rel-8 cell selection (bias value equals zero). We present system simulation results of each cell selection scheme with and without the baseline “enhanced” interference coordination scheme (time division multiplexed muting subframes, denoted as TDM). 
Notation: For the rest of the contribution, we use the following abbreviations for simplicity: Any UE served by the macro cell eNodeB is referred to as a “MUE”. The term “PUE” refers to a UE which is RRC connected to a pico cell eNodeB. The term “victim” PUE refers to any PUE experiencing dominant interference from a macro. cell eNodeB. The term “Control Channel Coverage Hole Probability” (CCCH probability) refers to the fraction of UEs for which the long-term (average) downlink SINR falls below the SINR threshold for successful PDCCH reception.

2. Background: Cell Range Expansion and TDM
Cell Range Expansion (CRE): CRE biases users in favour of selecting a pico cell eNodeB by adding a cell-selection bias to their RSRP. Therefore, the UE selects its serving cell from the set 
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according to the rule given as
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Here, the bias value potentially non-zero (Rel-8 RSRP corresponds to CRE with bias value equalling zero dB) for a pico-cell eNodeB and equals zero for all macro cell eNodeBs. 
In co-channel macro-pico deployments, increasing CRE bias results in increasing user offloading – relative to conventional Rel-8 based RSRP cell selection –onto picocell eNodeBs. However, with large-bias CRE, system simulation studies ([3] – [8]) have shown significantly deteriorated PUE performance The reason is that users are pre-disposed to connect to a pico cell eNodeB even if it is not their strongest cell. Consequently, cell-edge PUEs are susceptible to control and data channel outage.

 To mitigate interference, an enhanced backhaul coordinated time-domain ICIC scheme (with “Almost Blank” subframe TDM transmission as baseline) has been agreed [1]. The following sections evaluate the performance of CRE scheme versus RSRP scheme (no CRE) considering two scenarios. In the first scenario, no interference coordination is assumed between eNodeBs and therefore no TDM is employed. The second scenario assumes TDM interference coordination. We evaluate the resulting CCCH probability, the cell-edge UE throughputs and the cell-area throughputs.
This contribution assumes that only victim PUEs – whose SINRs are below a SINRThreshold – are scheduled during TDM muted subframes. Further, if a pico cell eNodeB serves K PUEs and if f is the fraction of TDM subframes in each radio frame, at least round(K x f) UEs are scheduled (round-robin) during TDM subframes. The parameter SINRThreshold = -3.8 dB corresponds to the required threshold SINR for a 1 % BLER for the control channel reception at a CCE-8 aggregation level [14]-[16]. 

3. Simulation Results
We present numerical simulation results based on the parameters as given in Appendix 6. We assume a 57 cell model (with wrap-around) and 2 pico cell eNodeBs (dropped uniformly randomly) in each cell. All simulation parameters are aligned with [13]. Full buffer traffic model is assumed. Four CRE bias values are chosen namely 0 dB, 5 dB, 10 dB and 15 dB. Two UE dropping scenarios are considered namely:

1. Uniform random dropping of 25 UEs in each cell (Configuration 1) as given in Table A.2.1.1.2-4.

2. Clustered UE configuration (Configuration 4) around each hotspot wherein 2/3rd of all users (60 UEs per cell) are dropped around hotspots.

3.1. 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. Three different TDM configurations are considered (no muting/2 TDM subframes/4 TDM subframes in each radio frame). All eNodeBs are assumed to be time-synchronized within 1 OFDM symbol. Refer [5] for further discussion regarding time-domain backhaul coordination.

No CRS interference is modelled on PDSCH region of PUEs during TDM muted subframes. Our results can be taken as an upper bound for the true data throughputs obtained from TDM.  We show the pico cell attachment ratios – as a fraction of the total number of UEs in the system – and throughput metrics (normalized over the system bandwidth) such as the cell-edge UE throughputs per layer and the cell area throughputs. 
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Figure 1: 4 TDM subframes in each radio frame.

3.2. Uniformly Located Users (Configuration 1, 25 UEs/cell)

Table 1: No TDM
	Cell-Selection
	Pico. attachment ratio
	MUE Cell-edge

 throughput (bps/Hz)
	PUE Cell-edge throughput (bps/Hz)
	PUE CCCH probability


	Cell area throughput (bps/Hz)

	Homogeneous
	N/A
	0.0095
	N/A
	N/A
	1.27 (-67 %)

	RSRP, No CRE
	0.26
	0.0126
	0.0797
	0.006
	3.84

	CRE (5 dB bias)
	0.34
	0.015
	0.03
	0.12
	3.48 (-9.4 %)

	CRE (10 dB bias)
	0.41
	0.0167
	0.0117
	0.28
	3.21 (-16.4 %)

	CRE (15 dB bias)
	0.49
	0.0195
	0.0076
	0.4
	2.98 (-22.4 %)


No muting (Table 1)
1. The performance with large-bias CRE scheme is clearly inferior to RSRP scheme. Specifically, with 15 dB bias, there is a nearly 22 % decline in cell-area throughput and a nearly 90 % decline in the cell-edge (5 percentile) PUE throughput.

2. The PUE CCCH probability increases from nearly 0.6 % (RSRP) to nearly 40 % (CRE with 15 dB bias). This suggests that aggressive offloading of UEs onto pico cell eNodeBs results in substantially higher number of control channel outages.

Table 2: TDM (2 muted subframes in each radio frame)

	Cell-Selection
	Pico. attachment ratio
	MUE Cell-edge throughput (bps/Hz)
	PUE Cell-edge throughput (bps/Hz)
	PUE CCCH probability
	Cell area throughput (bps/Hz)

	Homogeneous
	N/A
	0.0095
	N/A
	N/A
	1.27 (-68 %)

	RSRP, No CRE
	0.26
	0.0101
	0.1077
	0
	3.97

	CRE (5 dB bias)
	0.34
	0.012
	0.0635
	0.001
	3.97 (0 %)

	CRE (10 dB bias)
	0.41
	0.0134
	0.0447
	0.003
	4.00 (0.8 %)

	CRE (15 dB bias)
	0.49
	0.0156
	0.0274
	0.009
	3.93 (-1 %)


Two muted subframes (Table 2)
1. By muting 2 subframes/radio frame, the cell-edge CCCH probability obtained with large-bias CRE is significantly improved. For example, with 15 dB biasing, the CCCH probability with TDM is nearly 3%, as opposed to nearly 40 % without TDM.

2. By applying TDM for RSRP (no CRE) scenario:

a. There is virtually no difference in cell-area throughputs between RSRP scheme and that of CRE with 15 dB biasing. 

b. The cell-edge PUE throughput obtained with RSRP scheme is nearly 300 % higher than that obtained with large-bias CRE.

Table 3: TDM (4 muted subframes in each radio frame)

	Cell-Selection
	Pico. attachment ratio
	MUE Cell-edge throughput (bps/Hz)
	PUE Cell-edge throughput (bps/Hz)
	PUE CCCH probability


	Cell area throughput (bps/Hz)

	Homogeneous
	N/A
	0.0095
	N/A
	N/A
	1.27 (-71.5 %)

	RSRP, No CRE 
	0.26
	0.0076
	0.1313
	0
	4.46

	CRE (5 dB bias)
	0.34
	0.0089
	0.087
	0.001
	4.49 (0.7 %)

	CRE (10 dB bias)
	0.41
	0.01
	0.0629
	0.003
	4.42 (-0.9 %)

	CRE (15 dB bias)
	0.49
	0.0117
	0.0423
	0.013
	4.18 (-6.28 %)


Four muted subframes (Table 3)
1. With muting 4 subframes/radio frame, the cell-edge CCCH probability obtained with large-bias CRE is significantly improved. For example, with 15 dB biasing, the CCCH probability with TDM is nearly 1%, as opposed to nearly 40 % without TDM.

2. By applying TDM for RSRP scenario:

a. The cell-area throughput with large-bias CRE scheme is slightly inferior (about 6 %) relative to RSRP scheme. 

b. The cell-edge PUE throughput obtained with RSRP scheme is nearly 200 % higher relative to large-bias CRE scheme.

Summary

1. Substantial cell-splitting gains are provided without any CRE. Moreover, without any backhaul coordination, large-bias CRE schemes significantly underperform compared to RSRP schemes.
2. The performance of RSRP scheme can further optimized with backhaul coordinated TDM subframe transmissions between macro cell eNodeB and pico cell eNodeBs. 

a. There is a substantial improvement in both cell-edge PUE throughputs as well as macro cell area throughputs if backhaul coordinated muting is additionally applied to RSRP scheme.
3.3. Clustered Users (Configuration 4b, 60 UEs/cell)

Table 4: No TDM 

	Cell-Selection
	Pico. attachment ratio
	MUE Cell-edge throughput (bps/Hz)
	PUE Cell-edge throughput (bps/Hz)
	PUE CCCH probability


	Cell area throughput (bps/Hz)

	Homogeneous
	N/A
	0.0041
	N/A
	N/A
	1.34 (-70.2 %)

	RSRP, No CRE
	0.59
	0.009
	0.025
	0.003
	4.5

	CRE (5 dB bias)
	0.68
	0.0128
	0.012
	0.06
	4.28 (-4.9 %)

	CRE (10 dB bias)
	0.76
	0.0169
	0.0045
	0.15
	4.14 (-8 %)

	CRE (15 dB bias)
	0.81
	0.0216
	0.0029
	0.22
	4.05 (-10 %)


No muting (Table 4):

1. The performance with large-bias CRE scheme is clearly inferior to RSRP scheme. Specifically, with 15 dB bias, there is a nearly 10 % decline in cell-area throughput and a nearly 90 % decline in the cell-edge (5 percentile) PUE throughput.

2. The PUE CCCH probability increases from nearly 0.3 % (RSRP) to nearly 22 % (CRE with 15 dB bias). This suggests that aggressive offloading of UEs onto pico cell eNodeBs results in substantially higher number of control channel outages.

Table 5:  TDM subframe muting (2 muted subframes in each radio frame)
	Cell-Selection
	Pico. attachment ratio
	MUE Cell-edge throughput (bps/Hz)
	PUE Cell-edge throughput (bps/Hz)
	PUE CCCH probability
	Cell area throughput (bps/Hz)

	Homogeneous
	N/A
	0.0041
	N/A
	N/A
	1.34 (-73.7 %)

	RSRP, No CRE
	0.59
	0.0072
	0.0366
	0.003
	5.09

	CRE (5 dB bias)
	0.68
	0.0102
	0.0256
	0
	4.97 (-2.4 %)

	CRE (10 dB bias)
	0.76
	0.0136
	0.02
	0
	4.89 (-3.9 %)

	CRE (15 dB bias)
	0.81
	0.0173
	0.01677
	0.002
	4.83 (-5 %)


Two muted subframes (Table 5)
 By muting 2 subframes/radio frame, the cell-edge CCCH probability obtained with large-bias CRE is significantly improved. For example, with 15 dB biasing, there is virtually no control channel outage for cell-edge PUEs.

1. By applying TDM for RSRP (no CRE) scenario:

a. Performance of large-bias CRE scheme is slightly inferior (about 5 %) relative to RSRP scheme.

b. Cell-edge PUE throughput with RSRP scheme is about 120 % higher relative to large-bias CRE scheme.



Table 6:  TDM subframe muting (4 muted subframes in each radio frame)
	Cell-Selection
	Pico. attachment ratio
	MUE Cell-edge throughput (bps/Hz)
	PUE Cell-edge throughput (bps/Hz)
	PUE CCCH probability


	Cell area throughput (bps/Hz)

	Homogeneous
	N/A
	0.0041
	N/A
	N/A
	1.34 (-76.1 %)

	RSRP, No CRE
	0.59
	0.0054
	0.0431
	0
	5.61 

	CRE (5 dB bias)
	0.68
	0.0077
	0.0333
	0
	5.51 (-1.8 %)

	CRE (10 dB bias)
	0.76
	0.0102
	0.0258
	0
	5.40 (-3.7 %)

	CRE (15 dB bias)
	0.81
	0.013
	0.0211
	0.002
	5.29 (-5.7 %)


Four muted subframes (Table 6): 
1. With muting 4 subframes/radio frame, the cell-edge CCCH probability obtained with large-bias CRE is significantly improved. For example, with 15 dB biasing, the CCCH probability with TDM is nearly zero.
2. By applying TDM for RSRP scenario:
a. Cell-area throughput with large-bias CRE is slightly inferior (about 5.7 %) relative to RSRP scheme. 
b. Cell-edge PUE throughput with RSRP scheme is nearly 40 % higher relative to large-bias CRE scheme.

4. 
Discussion

Original motivation behind TDM was to alleviate the so-called PUE interference, an artefact of applying large-bias CRE scheme. Unlike large-bias CRE, Rel-8/9 RSRP scheme (or CRE with low-to-moderate bias) works as is (acceptable control channel performance [11]), and provides significant cell-splitting gains [6], [9] – [11].  Our findings show that TDM further optimizes RSRP scheme in terms of both cell-edge PUE throughput and the macro cell area throughput.  Unlike CRE scheme, an “optimized” RSRP + TDM scheme does not introduce any new CRS/BCH/SCH interference artefacts for which additional RAN4 work is potentially required. Further, such a scheme ensures UE offloading commensurate with increasing number of pico cells, for example, up to 59 % UE offloading with 2 pico cell eNodeBs/cell. 
5. Conclusions

This contribution has further evaluated the gains obtained using CRE in co-channel macro-pico deployment scenarios. We have also studied the impact of time-domain based backhaul coordinated ICIC relying on TDM muted subframe transmission (s) at the aggressor eNodeBs. Overall, the RSRP scheme (or CRE with moderate bias) performs quite satisfactorily in terms of different throughput metrics, and provides significant cell-splitting gains and offloading benefits.  We make the following proposal:
Proposal: The performance of existing RSRP scheme can be further optimized with addition of backhaul coordinated subframe transmissions at different layers. As such, RAN1 should study this scenario more carefully. Such performance optimization is especially useful for improving the cell-edge PUE performance when large numbers of UEs are offloaded onto pico cell eNodeBs, for example, in clustered scenarios. 
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7. Appendix: Simulation Parameters
	Simulation Parameter
	Description/Value

	Carrier frequency
	2 GHz

	Transmission bandwidth
	10 MHz (50 RBs)

	Number of macro cells
	57 cells with wrap-around

	Number of pico cells
	2 pico cell eNodeBs per sector

	Number of users
	25/60 users/cell

	UE dropping methodology
	Configuration 1 (uniform random dropping).

Configuration 4a (clustered dropping, 4 UEs dropped around each hotzone cell).

Configuration 4b (clustered dropping, up to 40 UEs dropped around each hotzone cell).

See Table A.2.1.1.2-4 [13]

	Cell range expansion bias  
	0 dB, 5 dB, 10 dB and 15 dB

	Maximum hotzone eNodeB transmit power
	30 dBm

	Maximum macro cell eNodeB transmit power
	46 dBm

	Path loss model
	Model 2 (refer Table A.2.1.1.2-3, [13])

	Channel model
	TU channel with SINR to spectral efficiency mapping defined in Tables A.1 and A.2 in [12]

	Min. distance between hotzone eNodeBs
	40 meters


8. Appendix: Attachment Ratios
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Figure 2: Attachment ratios with different cell-selection bias values (30 dB pico cells transmit power).
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