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1. Introduction 
Following RAN1 #66bis, the following agreements were reached [1]:

· Bias values beyond 6 dB can provide performance gains for some macro/pico deployments in interference limited scenarios with techniques that mitigate CRS interference 
· Optimum bias value varies depending on the evaluation scenario

· Further RAN1 work (evaluations and design/solutions) is to be done for

· 6 through 12 dB bias

· Zero and reduced power ABS
· Receiver-based solutions 

· PDSCH muting as described in R1-113573
· Relation with PDCCH is studied.
·  Impact on overhead should be studied.
This contribution presents system-level evaluation results from Texas Instruments implementing both transmitter-based solution (based on PDSCH rate-matching procedure as described in R1-113573 [6]) and receiver-based solutions (as described in [2]), explicitly accounting for overhead. This contribution explicitly models CRS interference and interference cancellation (IC) errors during Almost-blank subframes (ABS).   
2. Evaluation Methodology
We present numerical simulation results based on the parameters as given in Appendix (Section 6). We assume a 57 cell model and 4 pico cell eNBs (dropped uniformly randomly) in each cell. All simulation parameters are aligned with [2]. 
Assumption: Full buffer traffic model is assumed. 
CRE bias values are chosen as 6 dB, 8 dB, 10 dB and 12 dB respectively. Users are dropped according to a clustered configuration (Configuration 4b) with 30 users/cell and 4 pico eNBs/sector, wherein 2/3rd of users (20 UEs per cell) are dropped around pico cell hotspots. For the ITU model, path-losses are modelled as per the CoMP evaluation methodology [5]. 

2.1. Reference Signal Collision Modelling
The system-level simulations explicitly model CRS interference during ABS. As per evaluation campaign assumptions [3], the simulations explicitly model a planned macro cell eNB layout (meaning 19 macro cell eNBs share identical (modulo 3) v-shift values) and assign random CRS v-shifts to pico cell eNBs.  
2.2. Code-Block Level Interference Modelling
In the system-level simulations, lookup from the link-level BLER-SINR curves was performed on a per code-block basis. For modelling simplicity, 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 eNB interferer (s). 

Assumption: All eNBs transmit synchronously; additionally, we make a stronger assumption that received signals from the desired eNB and interfering eNBs are symbol-synchronous in frequency domain (or within the cyclic prefix duration in time-domain) at the UE.each UE receives the signals from all eNBs within the same OFDM symbol. Such an assumption is required in order to model the CRS of the desired transmitter and the interfering eNBs to lie within the same OFDM symbol.

2.3. Criteria for Implementing Tx-based or Rx-based Solution
Any UE with serving cell RSRP at least
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below its strongest interferer is configured with either Tx-based solution or the Rx-based solution. For this study the value of 
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 was chosen to be 2 dB. Each eligible user is configured with 
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patterns [chosen equal to one for this study] for implementing either the Tx-based or the Rx-based scheme. We compare the performance of the following schemes:

· Baseline: MMSE option-1 receiver without either Tx-solution or Rx-solution.
· Tx-RM: Transmitter-based scheme based on rate-matching around CRS positions of the strongest interferer.
· Rx-IC: Receiver-based scheme based on CRS-IC followed by Option-1 MMSE receiver.

2.4. Channel Estimation Error Modelling with “Rx-IC” Receiver
With the “Rx-IC” receiver model, any CRS-IC error is modelled assuming a one-dimensional MMSE channel estimator at the victim UE’s CRS-C receiver for estimating the channels from each CRS antenna port (of a set of dominant interferer (s)) to each receive antenna.  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.

As per evaluation agreements during RAN1 #66 [2], no power boosting is assumed while modelling CRS transmit power with respect to PDSCH transmit power. For evaluation, we have analyzed the performance of two error models:
Rx-1 [Ideal IC – perfect phase estimation]: This model assumes idealized phase estimation of the channel from the strongest interferer to the victim UE. Because there is no phase estimation error, we assume that the residual error following IC is a scaled-down version of the true channel from the dominant interferer.  We assume that wide-band averaging while estimating the interferer channel. Consequently, fast-fading is averaged out and the interference powers are a function of the RSRPs of the cells transmitting either PDSCH or CRS with the same v-shift of the cancelled interferer. Thus, the residual error is given as the following expression:
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In the above equation,

· RSRPj represents the Reference Signal Receive Power (RSRP) from cell j to the victim UE. Further RSRPIC designates the RSRP from the interferer cell (to be cancelled) to the victim UE.

· The term 
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 represents the set of active macro cells with identical CRS v-shifts as the cancelled interferer.

· The term 
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 represents the set of pico cells (transmitting PDSCH on ABS).
Rx-2 [IC – imperfect phase estimation]:  This model captures the effect of residual phase error while estimating the channel from the dominant interferer at the victim UE. The residual phase error arises as a result of co-channel interference from other eNB interferers on the CRS resources of the cancelled interferer (s). The assumptions are similar to the previous model excepting that we added an additional error term to model imperfect phase estimation. 
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In the above equation, we model n as additive white Gaussian noise with variance per dimension equal to
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 (equals 1/8) models effect of averaging the channel estimates over CRS positions (8 RE/PRB/port) of the cancelled interferer within a PRB pair.

2.5. Overhead Assumptions with Transmitter Rate-Matching
With the transmitter rate-matching (Tx-RM) scheme, any overhead (during PDSCH decoding) is modelled by accounting for the increase in effective code-rate – relative to not applying rate-matching – arising from applying rate-matching around the CRS positions of the cancelled interferer (s). We study two models for the overhead calculation:
Tx-RM1 [MCS adjustment]: The effective code rate following Tx-RM is compared against the set of available code-rates for PDSCH reception in Table 7.1.7.1-1, TS 36.213. The block error rate during PDSCH decoding is computed using an adjusted Imcs parameter [assuming the same modulation order (Qm) corresponding to the true transmission]. The adjusted Imcs is chosen with the criterion that the effective code rate with the adjusted Imcs is closest to the true code rate (after Tx rate-matching).

Tx-RM2 [CQI adjustment]: In this model, the estimated CQI following PDSCH decoding is adjusted by applying a back-off value (selected as 0.5 dB) to model the effect of the increase in effective code-rate with Tx rate-matching. In our contribution in RAN1 #66bis [4], we observed that in the absence of a dominant interferer, the Tx-RM scheme – assuming 8 RB allocation and Imcs =14 – has a SNR loss of nearly 0.5 dB with respect to reference transmission scheme (without Tx-RM).  For modelling simplicity, we used this number to model the impact of Tx-RM (irrespective of the scheduled bandwidth and MCS) on the PDSCH decoding performance at the UE receiver.
2.6. TDM Aspects

Pico cell eNBs are assumed to transmit over all subframes, whereas the macro cell eNB is assumed to transmit on a fraction of each radio-frame. Four different ABS pattern configurations are considered (2/4/6/8 ABS in each radio frame). All eNBs are assumed to be time-synchronized within 1 OFDM symbol. 
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Figure 1: ABS patterns for modelling Rel-10 ICIC (resource-restricted scheduling and CSI measurement).

2.7. 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. 

3. Results
3.1. 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. 

· Baseline scheme refers to the performance obtained without Tx-RM and without CRS-IC at the UE receiver prior to PDSCH decoding.
· Tx-RM1 and Tx-RM2 respectively refer to the transmit rate-matching schemes where overhead is modeled by either adjusting the MCS or by scaling the post-PDSCH decoding CQI, in order to compensate for the increased code rate due to rate-matching. See Section 2.5 for more details.

· Rx-IC1 and Rx-IC2 respectively refer to the residual error while estimating the channel from the strongest interferer during IC. Rx-IC1 model assumes idealized phase estimation and models only amplitude error during IC. Rx-IC2 model takes into account both magnitude and phase estimation error during IC. Refer to Section 2.4 for further details.
· The cell area throughput refers to the average throughput (b/s/Hz) corresponding to the macro cell eNB throughput plus the throughput delivered by all pico cell eNBs 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 eNBs within the macro cell area.

3.2. Association Ratios
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. 
 


Table 1: Association Ratio (ITU Model, 30 UEs/sector and 4 pico cell eNB/sector)
	CRE Bias (dB)
	Pico cell Association Ratio 

	6
	80.5 %

	8
	82.9 %

	10
	85.3 %

	12
	87.4 %


3.3. Cell-Area Throughputs
Table 2: Cell-Area Throughputs (4 pico cell eNB/sector) for different CRE biases and different ABS

	Bias
(dB)
	 % ABS
	Baseline
(bps/Hz)
	Tx-RM1
(bps/Hz)
	Tx-RM2
(bps/Hz)
	Rx-IC1
(bps/Hz)
	Rx-IC2
(bps/Hz)

	6
	20
	7.81
	7.96
	8.00
	7.97
	7.78

	
	40
	7.90
	8.05
	8.11
	8.07
	7.86 (-3.1 %)

	
	60
	7.89
	8.05
	8.10
	8.07
	7.86

	
	80
	7.80
	7.96
	8.01
	7.98
	7.77

	8
	20
	7.69
	7.89
	7.93
	7.91
	7.69

	
	40
	7.77
	7.96
	8.03
	7.99
	7.75 (-3.4 %)

	
	60
	7.73
	7.93
	8.00
	7.96
	7.72

	
	80
	7.61
	7.82
	7.89
	7.85
	7.61

	10
	20
	7.49
	7.76
	7.82
	7.78
	7.54

	
	40
	7.55
	7.81
	7.89
	7.86
	7.60 (-3.7 %)

	
	60
	7.49
	7.76
	7.85
	7.81
	7.56

	
	80
	7.36
	7.65
	7.73
	7.69
	7.44

	12
	20
	7.33
	7.64
	7.71
	7.68
	7.44

	
	40
	7.37
	7.68
	7.77
	7.75
	7.48 (-3.7 %)

	
	60
	7.28
	7.62
	7.71
	7.68
	7.41

	
	80
	7.14
	7.49
	7.57
	7.55
	7.28


Table 2 compares the cell-area throughputs for the Tx-RM versus Rx-IC schemes. Corresponding to each CRE bias value, the scheme achieving the highest cell-area throughput for a given CRE bias is highlighted in green.
Summary of Results:
1) The cell-area throughputs monotonically decrease with increasing CRE bias. Specifically, over all the combinations of CRE bias and ABS, a CRE bias value of 6 dB coupled with an ABS percentage of 40 % provides the highest cell-area throughput over all combinations of Tx-based and Rx-based schemes.
2) The performance of Tx-RM1, Tx-RM2 and Rx-IC1 is virtually identical in terms of cell-area throughput. Additionally the three models yield better cell-area throughputs compared to the Baseline model (without either Tx-based or Rx-based enhancements). This suggests that the transmitter rate-matching schemes perform virtually identically. 
3) The Rx-IC1 scheme performs competitively with respect to both Tx-IC1 and Tx-IC2. This suggests that with ideal phase estimation to the interferer, the IC receiver realizes gains in cell area throughput even if there is a residual cancellation error (due to imperfect amplitude estimation).

4) The Rx-IC2 model appears to perform 3 – 4 % worse compared to the Tx-RM2 model. In fact, at bias values of 6 dB and 8 dB, the Rx-IC2 model performs worse compared to the Baseline model, and performs better only for bias values greater than 8 dB. This suggests the performance of the IC receiver is sensitive to phase estimation error especially at small bias values.
Observation 1:

· Performance of the Tx-RM2 model appears the best among both Tx-based and Rx-based schemes. The Tx-RM1 model (based on MCS adjustment) performs within 1 % of Tx-RM2 in terms of cell-area throughputs..
· Assuming idealized phase estimate of channel from dominant interferer, the Rx-based scheme (Rx-IC1) performs almost identical as the Tx-based scheme.

· With an imperfect phase and amplitude estimate of the channel from dominant interferer, CRS IC receiver can result in between 3 - 4 % reduction in the cell-area throughput relative to the Tx rate-matching scheme..
3.4. Cell-Edge (5-Percentile) User Throughputs
Table 3: Cell-edge throughputs (4 pico cell eNB.sector) for different CRE biases and different ABS

	 Bias
(dB)
	  % ABS
	Baseline
(bps/Hz)
	Tx-RM1
(bps/Hz)
	Tx-RM2
(bps/Hz)
	Rx-IC1
(bps/Hz)
	Rx-IC2
(bps/Hz)

	6
	20
	0.068
	0.072
	0.072
	0.071
	0.067 (-7 %)

	
	40
	0.065
	0.067
	0.067
	0.067
	0.061

	
	60
	0.049
	0.050
	0.050
	0.050
	0.047

	
	80
	0.029
	0.030
	0.029
	0.030
	0.028

	8
	20
	0.063
	0.071
	0.071
	0.069
	0.063 (-11 %)

	
	40
	0.063
	0.070
	0.071
	0.070
	0.063

	
	60
	0.052
	0.054
	0.054
	0.054
	0.049

	
	80
	0.033
	0.034
	0.035
	0.034
	0.031

	10
	20
	0.054
	0.067
	0.068
	0.066
	0.057

	
	40
	0.059
	0.071
	0.072
	0.071
	0.060 (-17 %)

	
	60
	0.053
	0.060
	0.060
	0.060
	0.052

	
	80
	0.038
	0.041
	0.042
	0.041
	0.036

	12
	20
	0.046
	0.062
	0.062
	0.060
	0.053

	
	40
	0.051
	0.067
	0.069
	0.068
	0.057 (-17 %)

	
	60
	0.052
	0.064
	0.065
	0.064
	0.054

	
	80
	0.04
	0.048
	0.048
	0.047
	0.041


Table 3 compares the 5-percentile user throughputs (over both macro cell and pico cell users) for the Tx-based versus the Rx-based interference mitigation schemes. Corresponding to each CRE bias value, the scheme achieving the highest 5-percentile throughput for a given CRE bias is highlighted in green.

Summary of Results:

1) The performance of Tx-RM1, Tx-RM2 and Rx-IC1 is significantly better than the Baseline scheme. At 20 % ABS, the gains in cell-edge throughputs are approximately 6 %, 13 %, 26 % and 35 % at CRE biases of 6 dB, 8 dB, 10 dB and 12 dB respectively. 

2) With a fixed CRE bias and increasing percentage of ABS, the cell-edge throughputs is non-monotonic for either Tx-based or Rx-based schemes. The reason is due to opposing trends of cell-edge throughputs at either layer viz. cell-edge throughputs at macro cell UEs tend to monotone decrease with increasing ABS whereas the cell-edge throughputs at pico cell UEs tends to monotone increase with increasing ABS.

3) The Rx-IC2 scheme underperforms quite significantly compared to the Tx-RM1 and Tx-RM2 schemes with up to 17 % loss in cell-edge throughput compared to Tx-RM2. If only LPN users are taken into account, from Appendix (Section 5.2), there is a nearly 25 % reduction in LPN cell-edge throughput relative to the transmitter-based scheme. Further, for bias values of 6 dB and 8 dB, the Rx-IC2 performs worse compared to the baseline scheme (without IC). This suggests that the CRS IC receiver performance degrades quite significantly if residual magnitude and phase estimation error to the interfering channel are taken into account.

 Observation 2: 
· The performance of the Rx-based scheme (Rx-IC1) is comparable to the Tx-based scheme and considerably better than the baseline performance in terms of cell-edge throughput.
· With phase estimation error modeling, the Rx-based scheme (Rx-IC2) significantly underperforms (nearly 17 % reduction in cell-edge throughput and nearly 25 % in LPN cell-edge throughput) compared to the Tx-based scheme. 
4. Conclusions
Based on the extensive system-level simulations with explicit CRS interference modeling and different UE receivers, our conclusions are as follows:

Conclusion 1: Bias threshold values up to 8 dB appear to provide good LPN cell-edge performance. A CRE bias of 6 dB provides the best overall performance taking both cell-edge and cell-area throughput into consideration. 
Conclusion 2: The performance of both transmitter-based scheme and an idealized receiver-based scheme – assumes perfect phase estimate to the channel to be cancelled – is virtually identical and significantly better than a baseline model which does not employ either Tx/Rx enhancement. 
Conclusion 3: If both magnitude error and phase error to the interferer are taken into account during the channel estimation, the performance of the Rx-CRS IC receiver is significantly deteriorated – 17 % loss in cell-edge throughput – compared to the Tx-based scheme. 
In summary based on the above conclusions, we make the following two recommendations:

· RAN1 should agree to adopt transmitter rate-matching as a standardized solution as given in R1-113573 [6] to address CRS interference from neighbouring cells. 
· 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 and MBSFN operation of dominant interferer cells.
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5. Appendix – Additional Results
5.1. Cell-Area Throughputs (LPN-only)

Table 3: LPN Cell-Area Throughputs (4 pico cell eNB/sector) for different CRE biases and different ABS

	Bias
(dB)
	   % ABS
	Baseline
(bps/Hz)
	Tx-RM1
(bps/Hz)
	Tx-RM2
(bps/Hz)
	Rx-IC1
(bps/Hz)
	Rx-IC2
(bps/Hz)

	6
	20
	6.84
	6.99
	7.03
	7.00
	6.81

	
	40
	7.15
	7.30
	7.35
	7.32
	7.11

	
	60
	7.39
	7.55
	7.60
	7.57
	7.36

	
	80
	7.51
	7.68
	7.73
	7.70
	7.48

	8
	20
	6.64
	6.85
	6.89
	6.86
	6.64

	
	40
	6.96
	7.16
	7.22
	7.19
	6.95

	
	60
	7.19
	7.40
	7.47
	7.43
	7.19

	
	80
	7.31
	7.52
	7.59
	7.55
	7.31

	10
	20
	6.42
	6.68
	6.75
	6.71
	6.47

	
	40
	6.72
	6.99
	7.10
	7.04
	6.77

	
	60
	6.94
	7.22
	7.30
	7.27
	7.01

	
	80
	7.05
	7.34
	7.42
	7.38
	7.13

	12
	20
	6.22
	6.53
	6.60
	6.57
	6.33

	
	40
	6.51
	6.82
	6.91
	6.89
	6.62

	
	60
	6.72
	7.05
	7.14
	7.11
	6.85

	
	80
	6.81
	7.16
	7.25
	7.22
	6.96


5.2. Cell-Edge (5-Percentile) User Throughputs [LPN-only]
Table 5: LPN cell-edge throughputs (4 pico cell eNB.sector) for different CRE biases and different ABS

	 Bias (dB)
	  % ABS
	Baseline
(bps/Hz)
	Tx-RM1
(bps/Hz)
	Tx-RM2
(bps/Hz)
	Rx-IC1
(bps/Hz)
	Rx-IC2
(bps/Hz)

	6
	20
	0.079
	0.084
	0.084
	0.084
	0.074

	
	40
	0.086
	0.093
	0.094
	0.092
	0.078

	
	60
	0.091
	0.100
	0.102
	0.100
	0.081

	
	80
	0.094
	0.102
	0.103
	0.103
	0.080 (-22 %)

	8
	20
	0.066
	0.078
	0.079
	0.077
	0.065

	
	40
	0.073
	0.086
	0.088
	0.085
	0.071

	
	60
	0.078
	0.093
	0.095
	0.092
	0.075

	
	80
	0.082
	0.097
	0.098
	0.096
	0.074 (-24 %)

	10
	20
	0.054
	0.069
	0.069
	0.068
	0.058

	
	40
	0.062
	0.076
	0.078
	0.078
	0.065

	
	60
	0.070
	0.086
	0.087
	0.084
	0.068

	
	80
	0.074
	0.089
	0.091
	0.089
	0.067 (-26 %)

	12
	20
	0.044
	0.061
	0.062
	0.060
	0.051

	
	40
	0.052
	0.070
	0.072
	0.070
	0.058

	
	60
	0.057
	0.078
	0.079
	0.078
	0.061

	
	80
	0.061
	0.082
	0.083
	0.081
	0.063 (-24 %)


6. Appendix – Simulation Parameters
	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 [4]

	Number of Pico cells per macro cell
	4

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

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

	Carrier frequency
	2 GHz

	System bandwidth
	10MHz

	Inter-site distance
	500 m

	UE speeds of interest
	3 km/h

	CRS modelling
	Macro cell eNBs: Planned cell ID layout.

Pico cell eNBs: 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 strongest interferer

	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: 1000010000 (20 % ABS in each radio frame)

Option 2: 1000110001 (40 % ABS in each radio frame)

Option 3: 1100111001 (60 % ABS in each radio frame)

Option 4: 1110111101 (80 % ABS in each radio frame)

	Handover Bias Values
	6 dB, 8 dB, 10 dB and 12 dB

	UE noise figure
	9 dB

	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 [4] [5].

	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
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