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1. Introduction

The main RAN4 WG objective of the NAICS SI is to “Identify reference IS/IC receivers with and without network assistance, and evaluate their performance/complexity trade-off and implementation feasibility”. As a part of this task RAN4 WG needs to “indicate (to RAN1) assumptions on the network assistance information for the evaluated receivers under possible network coordination” [1].

Enhanced IS/IC receivers require knowledge of the interference signal parameters. In RAN4 #69 meeting, the list of required interference signal parameters was discussed and agreed [2]. It was also agreed that further analysis of blind detection should be done in application to parameters prioritized in [3], and the dynamic parameters which may vary of a per-subframe/per-PRB basis were given a higher priority. In this contribution, two types of PDSCH interference transmissions are considered: CRS-based and DMRS-based PDSCH interference. Each of them requires knowledge of different interference signal parameters. In Section 2, the detection of CRS-based PDSCH parameters is discussed, while the detection of the DMRS-based PDSCH parameters is addressed in Section 3.
2. CRS-based PDSCH parameters detection

2.1 Discussion
In RAN4 #69 meeting, the list of interference signal parameters required to enable operation of the enhanced IS/IC receivers was discussed and agreed. The main parameters related to the CRS-based PDSCH interference signals are: 
· Spatial precoding parameters

· TM (i.e. TM 2/3/4/5/6), RI, PMI for CLSM MIMO modes

· Power allocation and presence parameters
· Data to RS EPRE ratio

· PDSCH signal presence
· PDSCH modulation format
The detection of the interference signal modulation format is discussed in our companion contribution [4], while in this paper we address the remaining parameters. The knowledge of these signal parameters is needed to enable interference channel estimations on the data REs and required for all candidate IS/IC receivers including E-LMMSE-IRC, R-ML, SL-IC and CW-IC. At current stage the RAN4 goal is to identify whether these parameters can be reliably and blindly detected without major impacts on the performance and UE implementation complexity and inform the RAN1 WG on the respective results, so that the decision on the need for parameters signalling/detection can be made.

Due to large amount of interference signal parameters, the systematic analysis of detection algorithms for each parameter should be done first and then performance of joint detection may be assessed. In Table 1, we list different possible scenarios with respect to the subsets of signalled/detected interference signal parameters.
Table 1. Signalling/detection scenarios for CRS-based PDSCH parameters

	Signalling/Detection Scenarios
	CRS-based PDSCH interference signal parameters

	
	PMI
	RI
	TM
	Data to RS EPRE
	Presence

	1 (genie-aided)
	Known
	Known
	Known
	Known
	Known

	2
	Detected
	Known
	Known
	Known
	Known

	3
	Detected
	Detected
	Known
	Known
	Known

	4
	Detected
	Detected
	Detected
	Known
	Known

	5
	Known
	Known
	Known
	Detected
	Known

	6 (fully blind)
	Detected
	Detected
	Detected
	Detected
	Detected


The first scenario is the genie-aided receiver scenario when all the required information is available at the receiver side. The remaining scenarios deal with blind detection of different subsets of the parameters. It can be seen that there is rather large amount of different scenarios and in this paper we focus on several scenarios which in our view may have the largest impact on the NAICS performance:
· Spatial precoding parameters detection (Section 2.2);
· Data to RS EPRE detection (Section 2.3).
Proposal 1: Separately study the impact of blind detection for each CRS-based PDSCH parameter and then analyse performance and complexity of joint parameters detection.

Parameter granularity

In the previous RAN4 meeting, the interference signal modulation granularity was discussed and per subframe modulation format variation granularity in time and per PRB granularity in frequency domain were agreed [2]. However, for CRS-based PDSCH TMs the distributed resource allocation can be applied for transmissions scheduled using DCI Formats 1A/1B/1C/1D. In this case, the interference signal resource allocation may have per-slot granularity. This may have negative impact the blind interference parameters detection since the number of data REs available for parameters estimation will reduce. Therefore, network coordination can be used to restrict situations when NAICS receivers need to handle different interference signals in the consecutive slots in one subframe.

Observation 1: Per TTI granularity of the PDSCH signal parameters may be considered for the detection purposes assuming that network applies coordination with respect to the use of distributed resource allocation (Resource allocation type 2).

2.2 Spatial precoding parameters detection

For the CRS-based PDSCH interference, all candidate enhanced IS/IC NAICS receivers require information on the interference signal spatial precoding scheme (TM/PMI/MIMO rank). As illustrated by the previous RAN4 studies, good interference channel estimation on data subcarriers is vital to achieve good NAICS receiver performance. The imperfect knowledge of the respective spatial precoding parameters may result in worse interference channel estimation performance and hence overall NAICS performance. In this section, we consider the detection of these parameters in more details and in particular focus on the following two cases: 
· PMI parameters detection for the case of closed-loop based CRS modes interference TMs (TM4, TM6) in the assumption that UE knows the remaining signal parameters, including the TM and used RI.
· PMI/RI parameters detection for the case of closed-loop based CRS modes interference TMs (TM4, TM6) in the assumption that UE knows the remaining signal parameters, including the exact TM.

In general case, the CRS-based PDSCH TM detection (i.e. TM2, TM3 and TM4/5/6) can be considered as a part of spatial precoding scheme detection and be done jointly with PMI/RI parameters detection. This problem requires further detailed analysis and some reasonable TM distribution mode should be agreed. Hence, for further analysis we focus on the parameters of the CLSM MIMO modes assuming that the applied TM is known.
One of the approaches to perform interference signal PMI and PMI/RI detection is based on the analysis of the receive signal on the data REs. To remove uncertainty caused by the lack of knowledge of the exact transmitted symbols, the received signal average covariance matrix may be analysed. For instance, the estimation can be done via comparing the measured receive signal covariance matrix on the data subcarriers with different reconstructed receive signal covariance matrix hypothesis derived in the assumption of using specific interferer precoder parameters (i.e. PMI or PMI/RI). The interference signal precoder matrix estimate 
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 (i.e. PMI or PMI/RI) can be derived as follows:
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is the receive signal covariance matrix estimated on the NRE data REs; 
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 is the emulated receive signal covariance matrix hypothesis for the case of using i-th interference signal precoder candidate VI,i; yk is a received signal vector on the k-th RE. For the case of single interferer and colliding CRS scenario emulated receive signal covariance matrix can be represented as:
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 are the serving/interference channel estimates; 
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 is the serving cell precoder matrix; and 
[image: image10.wmf]R

R

ˆ

 is the residual interference + noise estimate, which can be obtained on the serving cell CRS REs after cancelling the known signals. In case of the non-colliding interference CRS pattern, the residual interference + noise matrix can be estimated on the interference cell CRS REs and hence will already include the serving cell data signal covariance matrix. So, the equation for the emulated receive signal covariance matrix hypothesis can be modified as follows:
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 is the residual interference + noise estimate, which can be obtained on the interference cell CRS REs after cancelling the known signals.
Observation 2: Receive data signal covariance matrix matching approach can be used for the detection of the CRS-based PDSCH interference signal spatial precoding parameters including PMI/RI.
Using blind PMI/RI parameters detection will lead to certain performance degradation and will result in the additional receiver complexity which may become relatively large for certain scenarios. Below, we share our views on the main factors which determine the algorithm performance and complexity:
· PMI codebook size: The codebook size has direct impact on the detection algorithm complexity/performance. For the 4 Tx antennas case the number of hypothesis becomes larger due to increased codebook size comparing with 2 Tx case. Some codebook subset restriction can be considered to reduce the amount of possible hypothesis and hence improve complexity and performance.

· Number of handled interference cells: This parameter has direct impact on the total number of search hypothesis. The interference signal precoder candidate VI,i should include the complete set of PMIs for the known MIMO rank and hence will depend on the codebook size which differs depending on the number of BS transmit antennas. In case of multi-cell processing, joint detection can be used and hence the amount of hypothesis may increase dramatically, especially for the case of 4 Tx antennas at the eNB side. For instance, in case of joint parameters detection the total number of hypothesis for 4 Tx antennas case can reach 64Ncells which can impact the detector complexity a lot.
· RI set: For the PMI/RI detection the number of hypothesis depends on the maximum RI. For the 4 Tx antennas case the total number of hypothesis may be very large assuming that RI = 1..4 is considered. Some restrictions can be applied. For instance, for the 4 Tx antennas scenario only RI = 1, 2 can be used for NAICS.
· Granularity in time/frequency: By default, per-TTI/per-PRB granularity is assumed. Using larger granularity may reduce the algorithm implementation complexity while keeping same level of detection performance.

Observation 3: The PMI/RI detection complexity depends on multiple factors and may be relatively high for certain scenarios.
Proposal 2: Study potential specification enhancements to reduce the PMI and RI detection complexity.
2.2.1 Detection reliability analysis

In this section, we provide the summary of link-level analysis of the interference PMI and PMI/RI detection reliability performance in different interference conditions (SNR, INR) in order to identify the scenarios where blind detection may have impact on the overall NAICS performance.

PMI detection

The simulation results for the PMI detection are illustrated in Figure 1. The following scenarios were analysed:

· Scenario #1: The detection performance for one interferer with colliding CRS pattern is studied. Different combinations of interference signal number of transmit antennas and RI values are analysed.
· Scenario #2: The detection performance for one interferer with 2 transmit antennas and RI = 1 transmissions is analysed for the cases of using colliding and non-colliding CRS patterns.

· Scenario #3: The detection performance for two interferers with 2 and 4 transmit antennas and RI = 1 transmissions is analysed and compared vs. the respective performance in case of one interferer.

The remaining simulation assumptions are based on the typical NAICS Phase 1 simulation assumptions.

	Scenario #1. One interferer PMI detections 
(Number of transmit antennas and RI impact)
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	(a) PMI detection error vs INR (SNR = 10dB)
	(b) PMI detection error vs SNR (INR = 10dB)

	Scenario #2. One interferer PMI detection 
(Colliding CRS vs. non-colliding CRS).
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2Tx, RI = 1, Colliding CRS pattern

2Tx, RI = 1, Non-Colliding CRS pattern
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	(a) PMI detection error vs INR (SNR = 10 dB)
	(b) PMI detection error vs SNR (INR = 10dB)

	Scenario #3. Two interferers detection
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PMI detection error vs INR1 (SNR = 10dB, INR2 = 10dB)

	Figure 1. PMI detection reliability


Based on the conducted analysis the following observations on the PMI detection reliability can be made:
· The PMI detection error probability depends on the serving cell SNR with the detection failure probability increasing with the SNR growth due to error propagation effect.
· The PMI detection error probability depends on the INR values with more reliable performance achieved for higher INR values.
· The PMI detection error rate increases for the case of 4 Tx antennas scenario comparing with the 2 Tx antennas scenario due to substantially larger number of PMI search hypothesis.
· For the case of MIMO rank 2 with 2Tx antennas and MIMO rank 4 with 4 Tx antennas the interference PMI values are unresolvable using detection algorithms based on the receive signal covariance matrix analysis due to unitary full-rank codebook properties.
· PMI detection performance degrades for the case of ON/ON interference pattern comparing with the ON/OFF interference pattern.
· The detection performance reliability degrades in scenario when dominant interferer has non-colliding CRS configuration comparing to the colliding CRS pattern scenario.
· PMI detection performance is unreliable in a number of scenarios including

· MIMO rank 1 interference signals transmitted using 2 Tx antennas for low and medium INR values in case of ON/OFF interference pattern and all INR regions in case of ON/ON interference pattern;
· MIMO rank 1 interference signals transmitted using 4 Tx antennas for all INR values;
· MIMO rank 2 interference signals;
· Dominant interferer has non-colliding CRS pattern.
Observation 4: For the case of MIMO rank 2 with 2 transmit antennas and MIMO rank 4 with 4 Tx antennas the interference PMI values are unresolvable using detection algorithms based on the receive signal covariance matrix analysis due to unitary full-rank codebook properties.
PMI/RI detection

In general, the majority of observations mentioned for the PMI detection case are valid for the PMI/RI detection as well. However, joint PMI/RI parameter detection has some additional specifics. The corresponding simulation results for the PMI/RI detection performance are illustrated in Figure 2. The detection performance for the case of one interferer with colliding CRS pattern is analysed. In particular the scenarios with MIMO rank 1 transmissions in both serving and interference cells are considered under an assumption of using 2 and 4 transmit antennas.
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	(a)  Joint PMI/RI detection error
	(b)  RI detection error

	Figure 2. PMI/RI detection reliability


Based on the conducted analysis, we observe that joint PMI/RI detection is less reliable than PMI detection alone due to increased number of considered interference signal transmit precoding vector hypothesis.
Observation 5: The PMI and PMI/RI detection performance may be not sufficient in a number of scenarios. The detection reliability significantly depends on SNR, INR conditions, number of transmit antennas at the eNB, CRS pattern, etc. The PMI/RI detection impact on the NAICS performance should be verified for the scenarios where detection performance was identified to be unreliable. Current RAN4 WG Phase 1 and Phase 2 scenarios do not completely cover the “worst cases” in terms of PMI/RI detection (e.g. 4 transmit antennas).
2.2.2 Link-level performance analysis

In this section, we compare the R-ML receiver performance in TM4 interference scenario in case of using full network assistance and in case of partial network assistance with no a priori knowledge about interference signal PMI. The set of simulation parameters used for link-level performance analysis is summarized in the Annex and is based on the typical Phase 1 NAICS link-level modeling assumptions. In addition to the general parameters, we consider the cases when serving and interference cells have four transmit antennas. The summary of the simulation results in case of using PMI and PMI/RI detection is provided in Table 2. The selected simulation results are illustrated in Figure 3.
Table 2. Summary of PMI and PMI/RI detection impact on NAICS receiver performance (Phase 1)
	Interference profile
	Interference pattern
	Number of interference Tx antenna.
	Interference cell RI {I1},{I2}
	Interference cell MCS
{I1},{I2}
	Serving cell MCS

{CW1, CW2}
	R-ML w/ PMI Detection
	R-ML w/ PMI/RI Detection

	
	
	
	
	
	
	SNR degradation vs. genie aided receiver, [dB]
	SNR gains vs. the Baseline receiver, [dB]
	SNR degradation vs. genie aided receiver, [dB]
	SNR gains vs. the baseline receiver, [dB]

	50% I1/Noc

I1/Noc = 7.68 dB

I2/Noc = 2.16 dB 
	ON/ON
	{2},{2}
	{1},{1}
	{5},{5}
	{5}
	1.2
	1.6
	1.4
	1.4

	
	
	
	
	
	{14}
	1.1
	0.4
	1.1
	0.4

	
	ON/OFF
	{2}
	{1}
	{5}
	{5}
	0.5
	4.2
	0.7
	4.0

	
	
	
	
	
	{14}
	1.8
	1.7
	1.9
	1.6

	
	
	{2}
	{2}
	{5,5}
	{5}
	2.3
	0.4
	3.0
	-0.3

	
	
	
	
	
	{14}
	1.2
	-0.2
	2.1
	-1.1

	
	
	{4}
	{1}
	{5}
	{5}
	1.6
	2.2
	2.2
	1.6

	
	
	
	
	
	{14}
	2.6
	0.7
	2.6
	0.7

	80% I1/Noc

I1/Noc = 13.83 dB

I2/Noc = 3.31 dB 
	ON/ON
	{2},{2}
	{1},{1}
	{5},{5}
	{5}
	1.2
	3.9
	1.2
	3.9

	
	
	
	
	
	{14}
	2.2
	2.1
	2.2
	2.1

	
	ON/OFF
	{2}
	{1}
	{5}
	{5}
	0.2
	8.7
	0.3
	8.6

	
	
	
	
	
	{14}
	1.7
	5.3
	1.9
	5.1

	
	
	{2}
	{2}
	{5,5}
	{5}
	9.1
	-0.9
	9.4
	-1.2

	
	
	
	
	
	{14}
	5.3
	-0.7
	6.6
	-2.0

	
	
	{4}
	{1}
	{5}
	{5}
	2.8
	6.7
	5.4
	4.1

	
	
	
	
	
	{14}
	3.5
	0.8
	4.1
	0.2
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	80% I1/Noc (I1/Noc = 13.83 dB, I2/Noc = 3.31 dB), On/Off interference pattern, Interference RI = 1, MCS5, Useful MCS5 
	80% I1/Noc (I1/Noc = 13.83 dB, I2/Noc = 3.31 dB), On/Off interference pattern, Interference RI = 2, MCS5, Useful MCS5 

	Figure 3. PMI and PMI/RI detection impact on NAICS performance


Based on the analysis of these results we make the following observations:
· PMI. Using blind detection of interference signal PMI for enhanced IS/IC receivers may result in noticeable performance degradation comparing with the full network assistance scenario thus reducing the potential gains of the NAICS receivers

· One MIMO rank 1 interference signal transmitted using 2 Tx antennas: 0.2-1.8 dB degradation

· One MIMO rank 1 interference signal transmitted using 4 Tx antennas: 1.6-3.5 dB degradation

· Two MIMO rank 1 interference signals transmitted using 2 Tx antennas: 1.1-2.2 dB degradation

· PMI/RI. Using blind detection of interference signal PMI/RI for enhanced IS/IC receivers may result in noticeable performance degradation comparing with the full network assistance scenario thus reducing the potential gains of the NAICS receivers

· One MIMO rank 1 interference signal transmitted using 2 Tx antennas: 0.3-1.9 dB degradation

· One MIMO rank 1 interference signal transmitted using 4 Tx antennas: 2.2-5.4 dB degradation

· Two MIMO rank 1 interference signals transmitted using 2 Tx antennas: 1.1-2.2 dB degradation

· In case when interference signal has RI=1, larger performance degradation due to imperfect PMI detection is observed for higher SNR regions (i.e. MCS 14) of useful signals.
· In case when interference signal has MIMO rank 2 and transmitted using 2 Tx antennas using blind detection of interference signal PMI or PMI/RI results in performance degradation comparing to the baseline LMMSE-IRC receivers.

· Blind PMI/RI detection has larger performance degradation comparing with PMI only detection.
Observation 6: Blind detection of interference signal PMI or PMI/RI parameters may result in noticeable performance loss comparing to the genie-aided receivers in a number of scenarios. The performance degradation vs. the baseline receiver is also observed in some of the scenarios.
2.2.3 Conclusions
Based on the results of the PMI and PMI/RI detection performance analysis we derive the following conclusions:

Conclusion 1 (PMI and PMI/RI detection):

· Using blind detection of interference signal PMI or PMI/RI parameters may result in noticeable performance degradation comparing to the genie-aided receivers in a number of identified scenarios.

· System enhancements are required in order to achieve more reliable knowledge of the interference signal PMI/RI parameters at the UE side:
· Option 1: Parameter signalling;
· Option 2: Potential enhancements to improve detection reliability (e.g. codebook restriction, RI coordination, PMI/RI parameter bundling in frequency, etc).
· Further investigation of the blind PMI/RI detection should be done and needs to address the problematic scenarios including the scenarios with 4 transmit antennas, PMI detection for full-rank codebooks, dominant interferer with non-colliding CRS pattern and ON/ON interference pattern.
2.3 Data to RS EPRE ratio detection

To perform interference channel estimation on the data REs, the NAICS receivers need to know correct power scaling of the interference PDSCH signal on the data REs and, in particular, know the ratio of the signal power on data and CRS REs (i.e. power level offset).

In specification, the data to CRS EPRE level is equal to ρB for OFDM symbols with CRS and ρA for OFDM symbols without CRS. Furthermore, there are two general scenarios with respect to the availability of the information on the power scaling parameters at the UE side:

· Quantized power offset: For the case of using PDSCH transmissions with 16 QAM, 64 QAM, spatial multiplexing with more than one layer or for PDSCH transmissions associated with the multi-user MIMO transmission scheme the ρA value is fixed and can be derived using higher layer signalling (UE-specific parameter PA). Hence, the ρA value can take a finite set of possible values G. For instance, in case of SU-MIMO CLSM transmissions the ρA value can take possible values G = { -6, -4.77, -3.0, -1.77, 0, 1, 2, 3 } dB (i.e. 8 possible values). Meanwhile, the ρB value can be derived from the ρA and known ρB/ρA ratio which is signalled by higher layers (cell-specific parameter PB).

· Non-quantized power offset: In case when the PDSCH transmission has QPSK modulation format, the exact ρA value is not quantized and generally can be some arbitrary value. With respect to the ρB value, it is still connected to the ρA and can be derived from the known ρB/ρA ratio.

For further analysis we assume that cell-specific parameter PB is perfectly known, while UE has no information on the PA value associated with the interference signal transmission.
In case of blind detection, the UE’s knowledge of other interference signal power parameters can be limited. In Table 3 we list different possible scenarios with respect to the possible UE assumptions on the serving/interference cell data to RS EPRE ratio values for the case of one interference cell parameters detection.
Table 3. Data to RS EPRE detection scenarios

	Power offset scenarios
	Serving 
cell
	Interference cell
	Example
	Comments

	Scenario #0
	Known power offset
	Known power offset
	Serving cell has QAM16/QAM64 transmission. Interference signal power offset is signalled
	Best NAICS performance

No need to detect anything

	Scenario #1
	Known power offset
	Unknown power offset (quantized) 
	Serving and interference cells have QAM16/QAM64 transmissions. Interference signal modulation format is known (QAM16/QAM64)
	Best detection performance.

Need to detect interference cell power offset under an assumption of finite number of possible power offset values hypothesis.

	Scenario #2
	Known power offset
	Unknown power offset (non-quantized)
	Serving cell has QAM16/QAM64 transmission and interference modulation format is not known (i.e. detected)
	Need to detect interference cell power offset under an assumption that it can be an arbitrary value.

	Scenario #3
	Non-quantized unknown power offset
	Unknown power offset (quantized) 
	Serving cell has QPSK transmission and interference cell has QAM16/QAM64 transmission
	Need to detect serving and interference cell power offsets. For interference cell there is a finite number of possible power offset values hypothesis, while serving cell power offset can be an arbitrary value.

	Scenario #4
	Unknown power offset (non-quantized)
	Known power offset 
	Serving cell has QPSK transmission and interference cell power offset is signalled
	Need to detect serving cell power offset under an assumption that it can be an arbitrary value.

	Scenario #5
	Unknown power offset (non-quantized)
	Unknown power offset (non-quantized)
	Serving and interference cell have QPSK transmissions or serving cell has QPSK and interference modulation is not known
	Worst detection performance.

Need to detect serving and interference cell power offsets under an assumption that they can be arbitrary values.


From the performance perspective, Scenario #1 is expected to provide the best detection performance, while for Scenario #5 the worst performance can be expected since UE needs to detect both serving and interference cells power levels.

Observation 7: For QPSK reception in the serving cell, UE needs to detect serving cell data to RS EPRE ratio.
In general, to estimate the interference signal data to CRS EPRE ratio, the receive signal power (covariance matrix) on data REs should be compared versus with the estimates obtained on the CRS REs. Depending on the considered power offset scenario different variations of the detection algorithm can be considered.

For instance, in case of Scenario #1 when the serving cell power offset is known while interference cell power offset is known to belong to a finite set of values G, the similar approach as for PMI/RI detection can be applied. The power offsets for the interference cell 
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is the power offset hypothesis, while the remaining notations are the same as for PMI/RI detection case. 
For the Scenario #2, when UE does not make assumptions that power offset belongs to a set G, the problem can be solved analytically for one interference cell detection case. For the Scenario #5, when UE does not have knowledge on both serving and interference cell power offsets, more sophisticated approaches need to be considered.

The detection algorithm performance and complexity depend on multiple factors. The main of them are:

· Number of handled interference cells: This parameter has direct impact on the expected performance and complexity. The total number of handled cells should be limited by 1 or 2.

· Knowledge of serving cell signal data to RS EPRE parameters. If UE does not know the serving cell power offset parameters, it needs to detect serving cell power offset as well. Thus it can increase algorithm complexity and lead to worse detection performance.

· Number of power offset hypothesis: In case if UE has less amount of power offset hypothesis, better detection performance can be achieved.

· PMI/RI detection: Data to RS EPRE ratio detection complexity/performance will depend on whether PMI/RI should be jointly detected. In case if parameters are jointly detected the number of possible hypothesis will increase. Hence the complexity of such joint algorithm may become rather large. So less accurate estimation approaches need to be considered.
2.3.1 Detection reliability analysis

Below, we provide selected simulation results which illustrate the reliability of the data to RS EPRE ratio detection in different interference conditions. In particular, we consider the detection in case of one active interferer (ON/OFF pattern) and compare the detection reliability in case when UE can make assumption that interference cell power offset belong to some known set of values (Scenario #1) and case when it cannot make such assumptions (Scenario #2). Furthermore we compare the detection for the dominant interferer with colliding and non-colliding CRS patterns. The analysis is provided for the case of uniform power allocation between the data and CRS (i.e. ρA = ρB = 0 dB). The respective simulation results for the average absolute power offset detection error are illustrated in Figure 4.
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	Figure 4. Data to RS EPRE detection reliability


Based on the conducted analysis we make the following observations on the data to RS EPRE detection reliability:

· The detection of interference signal data to RS EPRE ratio can be reliable if UE has knowledge on the serving cell data to RS EPRE ratio and assumes that interference cell power offset belongs to a known subset of possible values (i.e. Scenario #1).
· In case when UE has knowledge on the serving cell data to RS EPRE ratio, but does not make any assumptions on the possible quantization of the interference cell power offsets (i.e. Scenario #2) the detection performance degrades. The respective performance difference increases in case of SNR increase or INR reduction.
· In case when dominant interferer has non-colliding CRS pattern the detection performance degrades comparing to the colliding CRS scenario.
2.3.2 Link-level performance analysis
Next, we compare the R-ML receiver performance in TM4 interference scenario, in case of using full network assistance and in case of when UE applies practical detection of the interference signal data to RS EPRE level. For the analysis we consider several scenarios with respect to the knowledge of the serving and interference signal parameters. In particular, we consider the power offset detection impact in application to Scenario #1, #2 and #5 (see Table 4). In addition, we analyse the situation when UE has knowledge on the serving cell power offset and assumes that interference cell power offset belongs to a known subset of possible values (i.e. Scenario #1) in application to other scenarios (#2 and #5).
The set of corresponding simulation parameters used for Phase 1 link-level performance analysis is summarized in the Annex. The summary of simulation results in case of using data to RS EPRE detection are provided in Table 4.

Table 4. Summary of data to CRS EPRE detection impact on NAICS receiver performance

	Interf. profile
	Interf. pattern
	Interf. cell RI {I1},{I2}
	Interf. cell MCS
{I1},{I2}
	Serving cell MCS
	SNR gains vs. the Baseline receiver @ 70% Throughput, [dB]
	SNR degradation vs. genie aided @ 70% Throughput, [dB]

	
	
	
	
	
	R-ML genie-aided
	R-ML w/ power offset detection
	Scenario #1
	Scenario #2
	Scenario #5

	
	
	
	
	
	
	Scenario #1
	Scenario #2
	Scenario #5
	
	
	

	50% I1/Noc
I1/Noc = 7.68 dB
I2/Noc = 2.16 dB
	ON/ON
	{1},{1}
	{5},{5}
	{5}
	2.1
	2.1
	NA
	0.6
	0
	NA
	1.5

	
	
	{1},{1}
	{14},{14}
	{14}
	0.6
	0.5
	-0.4
	NA
	0.1
	1.0
	NA

	
	ON/OFF
	{1}
	{5}
	{5}
	4.7
	4.7
	NA
	4.3
	0
	NA
	0.4

	
	
	{1}
	{14}
	{14}
	2.7
	2.6
	2.5
	NA
	0.1
	0.2
	NA

	80% I1/Noc
I1/Noc = 13.83 dB
I2/Noc = 3.31 dB
	ON/ON
	{1},{1}
	{5},{5}
	{5}
	5.3
	5.2
	NA
	3.7
	0.1
	NA
	1.6

	
	
	{1},{1}
	{14},{14}
	{14}
	3.5
	3.1
	1.3
	NA
	0.4
	2.2
	NA

	
	ON/OFF
	{1}
	{5}
	{5}
	9.1
	9.1
	NA
	8.7
	0
	NA
	0.4

	
	
	{1}
	{14}
	{14}
	6.7
	6.7
	6.6
	NA
	0
	0.1
	NA


Based on the analysis of these results we make the following observations:

· Using blind detection of interference signal data to RS EPRE ratio can be rather reliable if UE has knowledge on the serving cell data to RS EPRE ratio and assumes that interference cell power offset belongs to a known subset of possible values (i.e. Scenario #1).
· In case, when UE has knowledge on the serving cell data to RS EPRE ratio, but does not make any assumptions on the possible quantization of the interference cell power offsets (i.e. Scenario #2) the certain performance degradation is observed comparing with Scenario #1.
· In case, if UE needs to detect serving cell power offset parameters as well (i.e. Scenario #5), the additional performance degradation is observed.

· Small performance degradation is observed for ON/OFF interference pattern, while larger performance degradation is observed for the ON/ON case, since detection of 2 interference cell parameters is needed.

2.3.3 Conclusions

Based on the performance analysis of the data to RS EPRE ratio detection, we derive the following conclusions:

Conclusion 2 (Data to RS EPRE detection):

· Detection of interference signal data to RS EPRE ratio can be reliable if UE has knowledge on the serving cell data to RS EPRE ratio. However, such knowledge is not guaranteed. If it is not available the system may suffer from additional performance degradation due to imperfect estimation of the serving cell parameters.

· Specification changes to improve power offset detection reliability are required. For instance, it can be improved if uncertainty on power allocation parameters is resolved for QPSK transmissions.

· Further investigation of the interference signal data to RS EPRE detection should be done and needs to address the scenarios with non-equal data to RS EPRE ratio and dominant interferer with non-colliding CRS pattern.

3. DMRS-based PDSCH parameters detection

3.1 Discussion
To enable operation of the enhanced IS/IC receivers the knowledge of the following main DMRS-based PDSCH interference signals parameters is needed [2]:
· PDSCH signal presence

· PDSCH DMRS APs
· PDSCH DMRS sequence (nSCID, Virtual cell ID)

· PDSCH modulation format

As mentioned earlier, the detection of the interference signal modulation format is addressed in the companion contribution [4]. With regards to the “Virtual Cell ID”, the parameter detection is not feasible due large amount of possible hypothesis and some signalling should be considered. Therefore in this section, we consider the possibility of the detection of the remaining parameters.
Depending on the reference signal initialization procedure, the DMRS modes can be split into UE-specific (TM7) which require the RNTI for the sequence generation and cell-specific (TM8-10) which use either Cell ID or Virtual Cell ID for the sequence initialization. The RNTI detection is not feasible and its signalling may also cause large overhead. So our studies focus on TM8-10 parameters detection and for the analysis we also make an assumption that UE knows the (Virtual) Cell IDs of the dominant interferers.

Another important aspect related to the DMRS-based PDSCH parameters detection is that currently the specification defines DMRS for APs 7-14. However, depending on the exact scheduling decision (i.e. transmission rank) DMRS APs 9-10 can be either present or not. So, some of the REs can be either occupied by the data or by the DMRS signals. The possible set of scenarios is summarized in Table 5. If interference cell DMRS APs REs collide with serving cell data, the detection of the respective parameters can suffer from performance degradation. For further analysis we consider the case when both serving and interference cell transmissions use APs 7-8. The remaining scenarios can be addressed by the RAN4 WG at a later stage.

Table 5. DMRS collision scenarios

	Serving cell
	Interference cell
	Comment

	AP 7-8
	AP 7-8
	Serving cell DMRS collide with interference cell DMRS

	AP 7-8
	AP 7-10
	Serving cell DMRS AP7-8 collide with interference cell DMRS AP7-8

Interference cell DMRS AP9-10 collide with serving cell data

	AP 7-10
	AP 7-8
	Serving cell DMRS AP7-8 collide with interference cell DMRS AP7-8

Serving cell DMRS AP9-10 collide with interference cell data


Proposal 3: For DMRS-based PDSCH detection studies, consider the scenario when both serving and interference cells use DMRS APs 7-8. Study the possibility of using other DMRS APs in application to NAICS processing at a later stage.
The considered DMRS-based PDSCH parameters (presence, APs, nSCID) can be detected using DMRS processing and, in particular, via detection of the presence of corresponding DMRS signals with the respective parameters. The signal presence detection can be done via estimation of the DMRS signal SNR for each PRB-pair and its comparison to the pre-defined threshold value. The threshold value can be chosen in way to achieve desired trade-off between the miss detection and false alarm probability. To achieve good detection performance for the interference signals an accurate channel estimation should be done. For further analysis, the DMRS-IC channel estimation algorithm is considered.
The DMRS detection algorithm complexity is mainly determined by the complexity of the channel estimation block which will actually depend on the number considered DMRS signal hypothesis. Hence, the total number of DMRS signal hypothesis should be kept at reasonable level. This number depends on the number of handled interference cells, number of considered DMRS APs and number of nSCID hypothesis. As mentioned above at least DMRS APs 7-8 should be considered for the detection purposes. The nSCID parameter can take values 0 and 1 and actually doubles the total number of search hypothesis. So, some further study is needed whether network coordination can be applied to restrict parameter variation. Another aspect is the number of handled interference cells and the possible restriction of this number needs to be considered. As agreed in the previous meeting, the per-TTI/per-PRB granularity should be considered for the DMRS-based PDSCH parameters detection. However, due to low number of DMRS REs in one PRB pair and non-orthogonal DMRS sequences in the serving and interference cells the combining gain can be relatively low and hence the detection may be penalized. At the same time the accuracy of the channel estimation and the detection algorithms can be improved in case if larger parameter variation granularity is assumed (e.g. 3 PRBs).

3.2 Link-level performance analysis

In this section, we compare the enhanced NAICS R-ML receiver performance in TM9 interference scenario in case of using full network assistance and in case of DMRS-based PDSCH presence and parameters detection. The receiver with 2 interference cells parameters detection is considered (i.e. 8 possible signal hypothesis).

As mentioned above, the detection performance may significantly depend on the used detection threshold and hence we compare the performance for different detection thresholds (INR = 0, 2 and 4 dB). In general case the DMRS-based PDSCH parameters detection needs to be considered jointly with the interference cell modulation format detection. However, this topic is addressed in the companion contribution [4] and for the sake of analysis we consider the case of perfect knowledge of the interference signal parameters in case of correct DMRS detection, while the QAM64 interference is assumed for the false alarm case which is a very rare occasion. The main simulation assumptions are listed in the Annex. The summary of the simulation results is provided in Table 6, while the selected simulation results are illustrated in Figure 5.
Table 6. DMRS detection impact on NAICS receiver performance

	Interf. profile
	Interf. pattern
	Interf. cell RI {I1},{I2}
	Interf. cell MCS
{I1},{I2}
	Serving cell MCS
	SNR degradation for R-ML w/ Mod. Detection vs. genie aided @ 70% Throughput, [dB]

	
	
	
	
	
	INR threshold 
= 0 dB
	INR threshold 
= 2 dB
	INR threshold 
= 4 dB

	
	
	
	
	
	
	
	

	50% I1/Noc
I1/Noc = 7.68 dB
I2/Noc = 2.16 dB
	ON/ON
	{1},{1}
	{5},{5}
	{5}
	0.3
	0.3
	0.3

	
	
	
	
	{14}
	0.3
	0.3
	0.3

	
	
	{1},{1}
	{14},{14}
	{5}
	0.2
	0.2
	0.2

	
	
	
	
	{14}
	0.1
	0.1
	0.1

	
	ON/OFF
	{1}
	{5},{}
	{5}
	0.1
	0.1
	0.1

	
	
	
	
	{14}
	0.0
	0.0
	0.0

	
	
	{1}
	{14},{}
	{5}
	0.0
	0.0
	0.0

	
	
	
	
	{14}
	0.0
	0.0
	0.0

	80% I1/Noc
I1/Noc = 13.83 dB
I2/Noc = 3.31 dB
	ON/ON
	{1},{1}
	{5},{5}
	{5}
	0.4
	0.3
	0.3

	
	
	
	
	{14}
	0.8
	0.5
	0.5

	
	
	{1},{1}
	{14},{14}
	{5}
	0.5
	0.3
	0.3

	
	
	
	
	{14}
	0.2
	0.1
	0.1

	
	ON/OFF
	{1}
	{5}
	{5}
	0.0
	0.0
	0.0

	
	
	
	
	{14}
	0.0
	0.0
	0.0

	
	
	{1}
	{14}
	{5}
	0.2
	0.1
	0.1

	
	
	
	
	{14}
	0.0
	0.0
	0.0
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Figure 5. DMRS detection impact on NAICS performance

	 (On/On pattern, 80% I1/Noc I1/Noc = 13.83 dB I2/Noc = 3.31 dB, Useful MCS#5, Interf. MCS#5)


Based on the analysis of these results we make the following observations:

· Using blind detection of the DMRS-based PDSCH signal parameters results in relatively small performance degradation comparing with the genie-aided receivers in the considered scenarios.

· Larger performance degradation is observed for the ON/ON interference pattern scenario comparing to the ON/OFF interference pattern case.
3.3 Conclusions

Conclusion 3 (DMRS-based PDSCH parameters detection):

· The detection of the DMRS-based PDSCH signal parameters (PDSCH presence, DMRS APs and nSCID) can be rather reliable in the investigated scenarios.

· The complexity of the DMRS-based PDSCH signal parameters detection needs to be reduced and some restrictions with regards to the maximum number of possible DMRS signal hypothesis need to be introduced. For instance, the maximum number of handled interference cells can be limited by one.
· Further investigation of the DMRS-based PDSCH signal parameters detection should be done and needs to address the cases of one interference cell detection, and other interference conditions.

4. Conclusions

In this contribution we have addressed the problem of the interference signal PDSCH parameters detection and in particular investigated the possibility of PMI, RI and data to RS EPRE ratio detection for CRS-based PDSCH and DMRS APs, nSCID detection for DMRS-based PDSCH transmissions. Based on the results of this analysis we derive the following conclusions:
Conclusion 1 (PMI and PMI/RI detection):

· Using blind detection of interference signal PMI or PMI/RI parameters may result in noticeable performance degradation comparing to the genie-aided receivers in a number of identified scenarios.

· System enhancements are required in order to achieve more reliable knowledge of the interference signal PMI/RI parameters at the UE side:
· Option 1: Parameter signalling;

· Option 2: Potential enhancements to improve detection reliability (e.g. codebook restriction, RI coordination, PMI/RI parameter bundling in frequency, etc).
· Further investigation of the blind PMI/RI detection should be done and needs to address the problematic scenarios including the scenarios with 4 transmit antennas, PMI detection for full-rank codebooks, dominant interferer with non-colliding CRS pattern and ON/ON interference pattern.
Conclusion 2 (Data to RS EPRE detection):

· Detection of interference signal data to RS EPRE ratio can be reliable if UE has knowledge on the serving cell data to RS EPRE ratio. However, such knowledge is not guaranteed. If it is not available the system may suffer from additional performance degradation due to imperfect estimation of the serving cell parameters.

· Specification changes to improve power offset detection reliability are required. For instance, it can be improved if uncertainty on power allocation parameters is resolved for QPSK transmissions.

· Further investigation of the interference signal data to RS EPRE detection should be done and needs to address the scenarios with non-equal data to RS EPRE ratio and dominant interferer with non-colliding CRS pattern.

Conclusion 3 (DMRS-based PDSCH parameters detection):

· The detection of the DMRS-based PDSCH signal parameters (PDSCH presence, DMRS APs and nSCID) can be rather reliable in the investigated scenarios.

· The complexity of the DMRS-based PDSCH signal parameters detection needs to be reduced and some restrictions with regards to the maximum number of possible DMRS signal hypothesis need to be introduced. For instance, the maximum number of handled interference cells can be limited by one.

· Further investigation of the DMRS-based PDSCH signal parameters detection should be done and needs to address the cases of possible degradation due to single interference cell detection, and analyze performance in other interference conditions.
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Annex – Simulation assumptions
Table A. Link level simulation parameters

	Parameter
	Value

	Interference scenario
	NAICS scenario #1, 40% RU, low SINR Case

Interference profile #1: 50%-tile I1/Noc: I1/Noc = 7.68 dB, I2/Noc = 2.16 dB
Interference profile #2: 80%-tile I1/Noc: I1/Noc = 13.83 dB, I2/Noc = 3.31 dB

	Transmission mode of useful signal
	PM I/ RI / Power offset detection: TM4, RI = 1
DMRS-based PDSCH parameters detection: TM9, RI = 1

	Modulation and code rate of useful signals
	MCS 5: QPSK, Rate 1/3
MCS 14: QAM16, Rate ½

	Interference transmission mode
	PMI, RI, Power offset detection: TM4, RI = 1,2

DMRS-based PDSCH parameters detection: TM9, RI = 1

	Interference modulation format
	MCS 5: QPSK, Rate 1/3
MCS 14: QAM16, Rate ½

	Interference CRS pattern
	Interferer #1 – colliding CRS; Interferer #2 – non-colliding CRS.

	ρA
	0 dB for the serving and interference cells

	ρB/ρA
	0 dB for the serving and interference cells
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