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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 studies on the blind detection should be done with main focus on prioritized list of parameters as captured in [3]. One of the key parameters is modulation format of the PDSCH interference signal which is required to enable operation of R-ML and SL-IC NAICS receivers. In the previous meeting, we shared initial performance analysis of modulation format detection and its impact on NAICS performance [4]. In this contribution, we continue discussion on this topic and share additional simulation results.
2. Discussion
The enhanced symbol-level IS/IC receivers (i.e. R-ML and SL-IC) require knowledge of the interference signal modulation format. For the serving cell PDSCH transmission the modulation format is signalled in the DL grant (QPSK, QAM16, QAM64), while the modulation of the interference signal is not available at the UE side. To enable enhanced symbol-level IS/IC receive processing, either signalling or blind detection of the interference modulation is needed. So far, the RAN4 analysis was focused on the perfect knowledge of the interference signal modulation format. At the same time, using blind interference modulation format detection was not studied in details and hence its impacts on the NAICS receiver performance/complexity need to be further assessed.
Modulation detection algorithms
The modulation may be estimated on the data REs using modulation classification algorithms different approaches can be considered including the likelihood-based and feature-based algorithms [5]. For further analysis we consider likelihood-based (Maximum-likelihood based - ML) algorithms which use the likelihood function of the received signal and make the decision comparing the likelihood ratio against a threshold. In particular, we consider the following modulation classification algorithms:
· Full complexity ML classification algorithm (Full ML). In accordance to this approach interference signal modulation format estimate 
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where y(l) is receive signal at l-th RE, L is the total number of processed REs, Hs is the serving cell channel transfer function, HI is the interference cell channel transfer function, snm is the joint modulation constellation of serving cell and interference cell modulation; S is the set of possible joint modulation constellations of serving cell and interference cell signals and σ2 is the noise variance.

· MaxLog based ML classification algorithm (MaxLog). The Full ML may have large complexity and some suboptimal algorithms should be considered. One of the possible approaches is to apply MaxLog approximation. In this case the interference signals modulation format can be estimated as follows:
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The Full ML algorithm has high complexity, however provides the best performance. Meantime, the MaxLog algorithm has lower implementation complexity, but at the same time suffers from the performance degradation. In particular, the algorithm is biased towards detection of lower order modulations especially in the low INR regions, while the detection of the higher order modulations is penalized. Other practical modulation classification algorithms can be considered (e.g. MaxLog with bias compensation). However, these algorithms are expected to have performance/complexity somewhere between the Full ML and MaxLog algorithms. Hence, for the sake of the modulation detection analysis it seems reasonable to estimate performance bound of the achievable modulation detection performance and its impacts on the overall NAICS performance.
Observation 1: Full ML and MaxLog algorithms can be studied in order evaluate upper and lower bound of practical modulation detection algorithms performance/complexity.
Modulation format granularity
In the previous RAN4 meeting, the interference signal modulation format parameter variation granularity was discussed and per subframe modulation format variation granularity in time and per PRB granularity in frequency domain were agreed [2].

Generally, the dynamic interference signal parameters corresponding to the PDSCH transmission have one subframe time domain granularity. At the same time, for CRS-based TMs the inter-slot distributed resource allocation can be applied for PDSCH transmission scheduled by DCI Formats 1A/1B/1C/1D. In this case, the interference signal resource allocation may have per-slot granularity in the time domain. This may have negative impact on the blind detection since the number of data REs available for parameters estimation will reduce. However, 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 2: Per TTI granularity of the interference signal modulation format 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).
Complexity
The ML based modulation classification involves search over all possible combinations of the modulation formats in the interference signal spatial layers. In general case, the modulation format detection algorithm may substantially burden the UE receiver complexity. Hence, the RAN4 should be careful when enforcing using modulation detection as the only mechanism to obtain information on the interference signal modulation format.
The detection algorithm complexity depends on multiple factors and may be relatively large in certain scenarios. In particular, the following main factors have impact on the modulation detection algorithm complexity:

· Algorithm core: The core algorithm complexity is implementation specific. May be considered to have complexity somewhat comparable or higher than the complexity of the R-ML detector

· Number of processed REs: This parameter is implementation specific and can be chosen in a way to achieve a certain tradeoff between the implementation complexity and performance.

· Number of interference cell layers: This parameter impacts the total number of hypothesis. In case of one interference layer processing, 3 different interference signal modulation format hypothesis need to be considered (i.e. QPSK, QAM16, QAM64), while for the case of two interference layers processing (e.g. two rank 1 interferers) the number of the modulation candidates will be squared (see Table 1 for illustration of the number of search hypothesis). If the number of handled interference layers is further increased, ML based modulation classification may become a bottleneck factor from the complexity perspective. Thus, in case of using blind detection one interference cell processing can be considered as a more feasible option. Whether two interference cell layers processing is feasible needs further discussion.
· Number of serving cell layers. This parameter impacts on the overall constellation size used for the detection.
· Modulation granularity in time/frequency. By default, per-TTI/per-PRB granularity is assumed. Using larger parameter variation granularity may reduce the algorithm implementation complexity while keeping same degree of detection performance.

Table 1. Modulation format search hypothesis

	Number of serving cell layers
	Number of interference cell layers
	Number of interference signal 
modulation detection  hypothesis

	1 (S)
	1 (I1)
	3

H1 = {S, I1 = QPSK}

H2 = {S, I1 = QAM16}

H3 = {S, I1 = QAM64}

	1 (S)
	2 (I1,I2)
	9

H1 = {S, I1 = QPSK, I2 = QPSK}

…

H9 = {S, I1 = QAM64, I2 = QAM64}

	2 (S1,S2)
	1 (I2)
	3

H1 = {S1,S2, I1 = QPSK}

H2 = {S1,S2, I1 = QAM16}

H3 = {S1,S2, I1 = QAM64}


Observation 3: Modulation format detection algorithm may imply significant computational complexity burden on the UE implementation in case of multi-layer interference signal processing.
Proposal 1: If modulation detection approach is used, RAN4 WG should discuss and agree on the feasible number of detected interference layers from the implementation complexity perspective and consider to study possible specification enhancements to reduce the algorithm complexity.
QAM256 modulation

The QAM256 modulation format is expected to be introduced in LTE Rel12. So far, using NAICS receivers for the scenarios when serving or interference cells exploit QAM256 were not investigated by the RAN4 WG. From the performance perspective, the NAICS receivers operating at symbol-level (i.e. SL-IC and R-ML) are expected to provide relatively small gain in case of using QAM256 interference signals. For instance, in accordance to the current RAN4 WG results the gains for QAM64 modulation are very limited comparing with the QPSK interference case [2]. Furthermore, from the complexity perspective, the detection of QAM256 interference may results in additional blind detection algorithm complexity.
Proposal 2:
Do not consider QAM-256 for blind modulation format detection.

3. Performance analysis
3.1 Detection reliability analysis
In this section, we provide the summary of link-level analysis of the interference signal modulation format detection reliability performance for the detection algorithms described in Section 2 (Full ML and MaxLog). The simulation results for the interference modulation detection error rate are illustrated below: 

· In Figure 1 we illustrate the average interference modulation detection error rate vs. the INR for the case of one active interferer (i.e. ON/OFF scenario). Two different serving cell SNR values equal to 0 dB and 10 dB are analysed. Uniform distribution of the modulations (QPSK, QAM16 and QAM64) in the serving and interference cells is considered.
· In Figure 2 we provide the simulation results for the case of one active interferer (ON/OFF scenario) under an assumption of fixed INR values and for a range of SNR values. Two different interference cell INR values equal to 10 dB and 15 dB are analysed.
· In Figure 3 we illustrate the per-modulation interference modulation detection error rate vs. the INR for the case of one active interferer (i.e. ON/OFF scenario).
· In Figure 4 we show the interference modulation detection error rate simulation results for the case of two active interferers. The serving cell SNR is equal 10 dB, and the second interferer cell power INR2 is also equal 10dB and its modulation format is QAM16. The modulation error rate for the first interferer is analysed for a range of possible INR values. The results for the case of one interferer parameters detection are also plotted for the reference purposes.
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	Figure 1. Average interference modulation detection error rate vs. INR1 (ON/OFF scenario)
	Figure 2. Average interference modulation detection error rate vs. SNR (ON/OFF scenario)
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	Figure 3. Interference modulation detection error rate vs. INR1 (ON/OFF scenario)
	Figure 4. Interference modulation detection error rate vs. INR1 (ON/ON scenario)


Based on these results we make the following observations with respect to the modulation format detection reliability:

· Full ML based detection

· Detection error rate depends on the interference signal modulation format with the better detection achieved for the case using lower order modulations

· Algorithm provides rather reliable detection performance for the medium and high INR regions (INR > 5 dB)

· MaxLog based detection

· The MaxLog based detection algorithm is biased towards lower order modulations in the low and medium INR regions comparing to the Full ML algorithm hence providing better QPSK detection reliability and worse detection for QAM16 and QAM64 modulations
· The QPSK interference modulation detection is reliable in all considered interference environments

· QAM16 and QAM64 detection may be unreliable, especially for low and medium INR regions (INR < 10 dB)
· In case of uniform modulation format distribution at the transmitter side the Full ML provides better detection performance comparing to the MaxLog algorithm

· The modulation detection performance significantly depends on the interference conditions with generally better performance observed for higher INR regions

· The modulation detection performance slightly depends on the serving cell SNR conditions (small error decrease with the SNR growth)

· The modulation detection performance depends on the serving cell modulation format with worse performance observed for higher order serving cell modulations

· The modulation detection performance noticeably degrades in case of two interference cell processing

3.2 Phase 1 link-level performance analysis

First, we analyze the potential impact of imperfect knowledge of the interference signal modulation format on the overall NAICS performance. To estimate such impact we consider an artificial “worst case” scenario when UE always uses incorrect interference modulation format for R-ML NAICS processing (e.g. QPSK instead QAM16, etc.). To estimate the possible impact of the wrong modulation format detection the NAICS algorithm performance was analysed in accordance to the simulation assumptions in Table 2.
In this section we analyze the impact of using different blind modulation format detection algorithms and compare the R-ML receiver throughput performance in case of using genie knowledge of interference modulation format and in case of using modulation format detection. In particular, we analyze the performance of MaxLog and Full ML detection algorithms described in Section 2. The simulation assumptions are provided in Table 2, while the corresponding Phase 1 link-level simulation results are summarized in Table 3. The performance for the selected scenarios is illustrated in Figure 5.
Table 2. Phase 1 link-level simulation assumptions.

	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

	Serving cell transmission parameters
	TM9 

MIMO rank 1

MCS 5: QPSK, Rate 1/3 

MCS 14: QAM16, Rate ½

	Interference cell transmission parameters
	TM9 

MIMO rank 1

MCS: QPSK, QAM16, QAM64


Table 3. Interference signal modulation format detection impact (Phase 1 analysis)

	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 for R-ML w/ Mod. Detection vs. genie aided @ 70% Throughput, [dB]

	
	
	
	
	
	R-ML genie-aided
	R-ML w/ Mod. Detection
	Full ML
	Max-Log

	
	
	
	
	
	
	Full ML
	Max-Log
	
	

	50% I1/Noc
I1/Noc = 7.68 dB
I2/Noc = 2.16 dB
	ON/ON
	{1},{1}
	{5},{5}
	{5}
	3.7
	3.3
	3.7
	0.4
	0.0

	
	
	
	
	{14}
	2.4
	2.1
	2.4
	0.3
	0.0

	
	
	{1},{1}
	{14},{14}
	{5}
	1.7
	0.7
	0.2
	1.0
	1.5

	
	
	
	
	{14}
	0.8
	0.3
	0.2
	0.5
	0.6

	
	
	{1},{1}
	{25},{25}
	{5}
	1.1
	0.8
	0.4
	0.3
	0.7

	
	
	
	
	{14}
	0.7
	0.7
	0.3
	0.0
	0.4

	
	ON/OFF
	{1},{}
	{5},{}
	{5}
	3.2
	2.9
	3.2
	0.3
	0.0

	
	
	
	
	{14}
	2.8
	2.6
	2.8
	0.2
	0.0

	
	
	{1},{}
	{14},{}
	{5}
	1.4
	1.3
	0.7
	0.0
	0.7

	
	
	
	
	{14}
	1.3
	1.3
	1.0
	0.0
	0.3

	
	
	{1},{}
	{25},{}
	{5}
	1.2
	1.2
	0.5
	0.0
	0.7

	
	
	
	
	{14}
	1.1
	1.1
	0.6
	0.0
	0.5

	80% I1/Noc
I1/Noc = 13.83 dB
I2/Noc = 3.31 dB
	ON/ON
	{1},{1}
	{5},{5}
	{5}
	6.5
	5.8
	6.5
	0.7
	0.0

	
	
	
	
	{14}
	5.1
	4.4
	5.1
	0.7
	0.0

	
	
	{1},{1}
	{14},{14}
	{5}
	3.3
	2.8
	2.4
	0.5
	0.9

	
	
	
	
	{14}
	1.9
	1.1
	0.8
	0.8
	1.1

	
	
	{1},{1}
	{25},{25}
	{5}
	1.9
	1.8
	1.1
	0.1
	0.8

	
	
	
	
	{14}
	0.8
	0.5
	0.0
	0.3
	0.8

	
	ON/OFF
	{1},{}
	{5},{}
	{5}
	4.1
	4.1
	4.1
	0.0
	0.0

	
	
	
	
	{14}
	4.5
	4.4
	4.5
	0.1
	0.0

	
	
	{1},{}
	{14},{}
	{5}
	2.5
	2.4
	2.5
	0.1
	0.0

	
	
	
	
	{14}
	2.6
	2.5
	2.3
	0.1
	0.3

	
	
	{1},{}
	{25},{}
	{5}
	1.6
	1.6
	1.1
	0.0
	0.5

	
	
	
	
	{14}
	1.2
	1.2
	0.0
	0.0
	1.2
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	(a) On/On scenario, I1/Noc = 7.68 dB, I2/Noc = 2.16 dB, Interference cell MCS 14, Serving cell MCS 5
	(b) On/Off scenario, I1/Noc = 13.83 dB, I2/Noc = 3.31 dB, Interference cell MCS 5, Serving cell MCS 5

	Figure 5. Modulation format detection impact (Phase 1)


Based on the conducted link-level studies we make the following observations:

· Link-level performance of symbol-level IS/IC receivers such as R-ML is sensitive to the modulation order of the interference signals.

· In case of genie knowledge of the interference signal modulation format R-ML receiver can achieve 1.2 - 6.5dB performance improvement over baseline LMMSE-IRC receivers. The exact gains depend on the interference conditions, interference and serving cell MCS and other factors.
· Using blind modulation detection results in certain performance degradation comparing with receiver with genie knowledge of interference signal parameters:
· Full ML blind modulation detection algorithm provides 0-1dB performance degradation comparing with genie-aided case
· The largest degradation is observed for the QPSK interference signals, however the gains are also significant for that case
· MaxLog blind modulation detection algorithm provides 0-1.5dB performance degradation comparing with genie-aided case

· No degradation is observed for QPSK interference signal since the detector is biased towards QPSK
· Higher performance degradation comparing to the genie-aided receivers is observed for the scenarios with high INR since in these scenarios the genie-aided receivers provide large gain and thus imperfect modulation detection causes noticeable degradation
· Higher performance degradation is observed for the scenarios ON/ON interference pattern, comparing with scenarios with ON/OFF interference pattern

· In case of using blind modulation detection, the enhanced NAICS receiver still provide gains over baseline LMMSE-IRC receivers

Observation 4: For the Phase 1 link-level analysis, using blind modulation detection results in performance degradation comparing with receiver with genie knowledge of interference signal parameters.

3.3 Phase 2 link-level performance analysis

In this section, we analyze the impact of blind modulation detection on the NAICS performance in dynamic interference conditions using Phase 2 NAICS simulation assumptions [2].

As mentioned in Section 2, using modulation detection may have noticeable impact on the UE receiver complexity and hence the maximum number of processed interference layers can be lower comparing with the genie-aided receivers. So, for Phase 2 analysis we compare the performance of the following receiver structures:
· Genie-aided R-ML receivers with up to 3 interference layers processing (possible layers combinations are S, SS, SI, SII, SSI, SSII, SIII, where “S” stands for the serving cell layer and “I” for the interference cell layer);

· R-ML receiver with blind modulation format detection with 2 interference layers processing (S, SS, SI, SII, SSI).
The summary of Phase 2 link-level simulation results is provided in Table 4, while the selected simulation results are illustrated in Figure 6.
Table 4. Interference signal modulation format detection impact (Phase 2 analysis)
	Scenario
	Relative throughput gains vs. the LMMSE-IRC receiver

	
	R-ML genie-aided
	R-ML w/ Full ML Mod. Detection
	R-ML w/ MaxLog Mod. Detection

	Scenario #1, 40% RU,  Low SINR, 50% I1/Noc, TM9
	11.2%
	10.9% (-0.3%)
	10.2% (-1.0%)

	Scenario #1, 40% RU,  Low SINR, 80% I1/Noc, TM9
	12.1%
	11.7% (-0.4%)
	10.7% (-0.4%)

	Scenario #1, 40% RU,  High SINR, 50% I1/Noc, TM9
	12.6%
	12.1% (-0.5%)
	12.3% (-0.3%)

	Scenario #1, 40% RU,  High SINR, 80% I1/Noc, TM9
	17.0%
	15.3% (-1.7%)
	15.4% (-1.6%)

	Scenario #1, 60% RU,  Low SINR, 50% I1/Noc, TM9
	10.8%
	10.6% (-0.2%)
	7.3% (-3.5%)

	Scenario #1, 60% RU,  Low SINR, 80% I1/Noc, TM9
	12.1%
	10.9% (-0.2%)
	9.7% (-2.4%)

	Scenario #1, 60% RU,  High SINR, 50% I1/Noc, TM9
	12.3%
	11.9% (-0.4%)
	12.0% (-0.3%)

	Scenario #1, 60% RU,  High SINR, 80% I1/Noc, TM9
	17.6%
	15.6% (-2.0%)
	15.8% (-1.8%)
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	(a)  Scenario #1, 40% RU, Low SINR, 80% I1/Noc, TM9
	(b)  Scenario #1, 40% RU, High SINR, 80% I1/Noc, TM9

	Figure 6. Modulation format detection impact (Phase 2)


Based on the analysis of Phase 2 simulation results we make the following observations:

· Using blind modulation format detection results in up to 3.5% performance degradation comparing with NAICS receivers with genie knowledge of the interference signal parameters;
· Using blind modulation format detection still allows achieving noticeable performance gains over baseline LMMSE-IRC receivers (10.6% – 15.8%); 
· Depending on the interference scenario either Full ML or MaxLog detection algorithm allow achieving better performance;
· Larger performance difference between blind and genie-aided receivers is observed for 60% RU scenarios;
Additional link-level analysis may be needed to confirm the applicability of observations for other scenarios. For instance, Phase 2 analysis for CRS-based transmission modes, where NAICS receivers usually provide larger performance gains over baseline receiver may be needed. Furthermore, Phase 2 methodology provides rather rough approximation of the dynamic interference environment and full system-level simulations of NAICS systems with blind modulation detection should be conducted to get more detailed understanding of the possible impacts on the system performance. For instance, in [6] the results of the respective performance analysis are provided and show that certain performance degradation can still be expected at system-level.
Observation 5: For the Phase 2 link-level analysis, using blind modulation detection results small performance degradation comparing with receiver with genie knowledge of interference signal parameters.

4. Conclusions

In this contribution we have addressed the problem of interference signal modulation format detection for the NAICS receivers. Based on the conducted analysis we make the following conclusions:
Conclusions:

· The interference signal modulation format can be blindly detected at the cost of increased UE implementation complexity and performance degradation comparing with genie-aided NAICS receivers.

· From the implementation perspective in case of using blind modulation format detection the total number of handled serving and interference cell spatial layers should be restricted and not exceed 3.
· To improve performance of the modulation detection algorithm and reduce its implementation complexity, additional system enhancements may be needed including network coordination and specification restrictions (e.g. parameter bundling across multiple PRBs).

· The decision on the interference signal modulation format signalling/detection should be made by the RAN1 WG and needs to take into account the input from RAN4 WG on the observed link-level performance and possible performance degradation at system-level due to blind detection and degradation caused by the introduction of the additional system overhead required for signalling.
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