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Discussion
1
Introduction

During RAN#59 plenary it has been agreed to start a RAN4 Rel-12 study item on network-assisted interference cancellation and suppression (NAICS) for LTE UE [1]. In this contribution we present views on the studies ahead as well as on the overall scope of UE receiver enhancements in Rel-12.
2
Reference UE receivers from LTE Rel-8 to 11
In this section, we provide a brief overview of UE receiver work and underlying assumptions in RAN4 since LTE Rel-8 timeframe, as a starting point for Rel-12 studies. Assumptions on reference receiver designs exist so far in 3GPP specification through RAN4 minimum performance requirements.
From LTE Rel-8 up to Rel-10 (included), minimum performance requirements for UE demodulation in Chapter 8 of 3GPP TS36.101 assume the following reference receivers:
· Maximum ratio-combining (MRC) for rank-1 transmission;

· Linear Minimum Mean Square Error (LMMSE) for rank-2 transmission.

Furthermore, corresponding demodulation test cases were all derived assuming additive white Gaussian noise interference model, thus only effectively guaranteeing performance assuming diagonal covariance matrix estimation.
LTE Rel-11 brought up new performance requirements for UE receiver specifying:

· Generic receiver enhancements: performance requirements for Type-A receiver enhancements (LMMSE-IRC) assuming spatially colored interference model and reference symbols (RS) based interference covariance matrix estimation. 
· As part of technology components: PSS/SSS/PBCH-IC/CRS-IC in Rel-11 feICIC.

Table 1 below summarizes above reference receiver structures together with their applicability to transmission modes in RAN4 demodulation requirement scenarios.
Table 1: Reference UE receiver structures in RAN4 demodulation requirement scenarios from Rel-8 to Rel-11.
	Transmission mode
	Transmission rank
	Reference receiver structure

	
	
	LTE Rel-8/-9/-10
	LTE Rel-11

	TM1, TM2, TM6
	R=1 (SU-MIMO)
	MRC
	LMMSE-IRC with CRS based interference covariance estimation (TM2, TM6)
CRS-IC in feICIC (TM2)

	TM3, TM4
	R=1 (SU-MIMO)
	MRC
	LMMSE-IRC with CRS based interference covariance estimation (TM3)
CRS-IC in feICIC (TM3)

	
	R=2 (SU-MIMO)
	LMMSE
	Same as Rel-8/-9/-10

	TM7, TM8, TM9, TM10*
	R=1 (SU-MIMO)
	MRC (TM7, TM8, TM9)
	LMMSE-IRC with DM-RS based interference covariance estimation (TM9)

	
	R=1 (MU-MIMO)
	LMMSE (with intra-cell co-channel but without inter-cell  interference suppression)  (TM8, TM9)
	Same as Rel-8/-9/-10

	
	R=2 (SU-MIMO)
	LMMSE (TM8, TM9)
	Same as Rel-8/-9/-10


*Requirement scenarios for TM10 demodulation currently under work in RAN4 under Rel-10 DL CoMP work item.
To summarize, reference receivers for UE demodulation throughout existing LTE releases are assumed to mitigate the following forms of interference: 
· Up to LTE Rel-10 (included): 
· AWGN interference for data (PDSCH) and control channels (PCFICH, PDCCH, PHICH);

· Intra-cell co-channel interference in the case of MU-MIMO transmission over UE-specific RS;
· Inter-layer interference in the case of rank-2 SU-MIMO transmission.

· LTE Rel-11: 
· Spatially colored interference for rank-1 PDSCH demodulation over CRS or DM-RS.
· CRS interference assuming almost blank subframe (no interfering data/control transmission).
3
LTE Rel-12 UE receiver studies
3.1
Scenarios
As per the agreed SID, it is RAN1’s responsibility to identify relevant scenarios for this work as first step:
1.
(RAN1) For data/control channels of interest,  identify and agree on realistic deployment scenarios and co-channel inter- and intra-cell interference conditions (including corresponding network/transmission parameters)  for evaluating different interference cancellation (IC) or interference suppression (IS) receivers, including the following two main scenarios:

o
Intra-cell interference resulted from current SU-/MU-MIMO operation 

o
Inter-cell interference based on deployment scenarios prioritized in Rel-11, taking into account scenarios, once defined, under Rel-12 WIs/SIs such as small cells.
It is thus expected that RAN1 will identify channels of interest, relevant scenarios, forms of interference (SU, MU) and transmission modes to be considered. Given the wide scope of the SID as well as the tight time frame, some form of prioritization is likely to take place. RAN4 will wait and take this information as input from RAN1 via LS. For information, we provide our views on the scenarios in a companion RAN1 contribution [2]. 
3.2
Targeted channels and transmission modes
The scope of the study item is rather large with both data and control channels included, as well as various forms of interference. Also nothing has been ruled out in terms of transmission modes. In order to ensure timely completion of the study item, clearly some prioritization is needed. We provide some views on where to focus the work in terms of physical channels of interest as well as in terms of transmission modes.

3.2.1

Physical channels of interest
Interference may take various forms and is linked to the considered network deployment scenarios and operation. Interference may be in general categorized according to physical channels and signals as:

· Data-to-data interference: We refer here to PDSCH-to-PDSCH interference which may originate from either SU-/MU-MIMO transmission from the same or another transmission point (or cell). This is seen as one important part of the study item and it is proposed to be addressed with first priority. It is noted that UE-specific RS virtualize the source(s) of interference at least from signal transmission perspective. In other words, intra-cell, inter-cell or even multipoint transmission interference mitigation methods become similar and it may not be visible to the UE where the interference is originating from. 

· Control-to-control interference: This means essentially PDCCH-to-PDCCH interference and is relevant only in highly loaded (legacy) systems. Note that EPDCCH may be coordinated in frequency and may therefore not be that relevant to the network assisted receiver studies.

· Control-to-data (and data-to-control) interference: Assuming a synchronized network this is only relevant when legacy control regions sizes differ among cells or EPDCCH in one cell collides with PDSCH in another cell. While relevant, we do not see the former case as a priority for this study item. For the latter case, EPDCCH-to-PDSCH interference (or vice versa) would require similar interference suppression/cancellation wrt. PDSCH-to-PDSCH because UE-specific RS are used.
· RS-to-data/control interference is relevant at low network loads or when almost blank subframes (ABS) are used (feICIC). Since the focus of this study item is on medium-to-high system loads, this aspect is not seen as relevant here.

· RS-to-RS interference was addressed in Rel-11 feICIC (colliding CRS) and is otherwise not relevant in the vast majority of network deployments where cell IDs are planned and CRS of dominant interferers are not colliding.

Table 2 below summarizes the above categorization and highlights the relevance/importance for this study item. Based on this analysis, we propose to focus the work on PDSCH-to-PDSCH interference mitigation.
Table 2: Categorization of interference & relevance for the study item – Green highlight: proposed as 1st priority aspect, orange highlight: proposed as secondary priority, red highlight: not relevant in this SI or out of scope.
	         Desired PHY                   channel

Interfering         PHY channel
	Data channel (PDSCH)
	Control channel (PDCCH, EPDCCH)
	Reference symbols (CRS)

	Data channel (PDSCH)
	Intra-cell
	Inter-stream interference (SU-MIMO)

Inter-user interference (MU-MIMO)
	PDSCH-to-PDCCH: only relevant when CFI differs among cells. Low priority.

PDSCH-to-EPDCCH: not to focus on, similar to PDSCH-to-PDSCH with UE-specific RS.
	Not relevant

	
	Inter-cell
	Inter-user interference
	
	

	Control channel (PDCCH, EPDCCH)
	PDCCH-to-PDSCH: only relevant when CFI differs among cells. Low priority.

EPDCCH-PDSCH: not to focus on, similar to PDSCH-to-PDSCH with UE-specific RS.
	PDCCH-to-PDCCH interference relevant only in highly loaded systems
	Not relevant

	Reference symbols (CRS)
	ABS interference was addressed in Rel-11 feICIC

Relevant at low network loads only (addressed in a separate RAN4 study item)
	ABS interference was addressed in Rel-11 feICIC for PCFICH, PDCCH, PHICH.


	Addressed in Rel-11 feICIC

Not relevant in planned cell ID deployments


Network synchronization plays obviously a role in how interference (data, RS, control) is perceived at the UE receiver. It is reminded that network assisted/coordinated receivers are under study and thus one may assume that network time/frequency synchronization is in place to the extent of eNodeB requirements TS36.104 and TS36.133. Hence, one can also assume single timing reference for the FFT window.
We conclude the previous discussion through the following proposals:  

Proposal 1: 
Focus the work on PDSCH-to-PDSCH interference mitigation.

Proposal 2: 
Assume synchronous networks
Proposal 3: 
UE reference receiver is assumed to be based on single-FFT processing.
3.2.2
CRS vs. DM-RS transmission modes
The UE-specific RS virtualizes the source of interference at least from the signal transmission perspective. In other words, intra-cell multi-user, inter-cell multi-user or even multipoint transmission interference mitigation methods become similar in terms of UE receiver signal processing. This allows a unified framework for receiver enhancements in Rel-12 and onwards. Thus the evolution of interference mitigation methods is seen as more attractive for the transmission schemes utilizing DM-RS as phase reference and therefore the DM-RS based transmission modes are of primary interest. In this respect, TM10 seems a good candidate for DM-RS based modes.

When discussing about CRS and DM-RS modes, it should be noted that the outcome of this work will be in Rel-12 hence their relevance should be scaled according to expected network deployments within Rel-12 timeframe. Schemes based on UE-specific RS have also a benefit in terms of interference estimation: DM-RS experience PDSCH interference unlike CRS which may suffer collisions with CRS from other cells because of the limited reuse factor and thus may not allow accurate interference covariance matrix estimation in the latter case. 

On the other hand, it is expected that common RS based deployments will continue to exist in the future also providing some justification on studying common RS based schemes at least in SU-MIMO and inter-cell interference mitigation cases. Hence studying for instance TM4 with secondary priority could be also of interest within the study item. TM4 is also seen as the preferred CRS-based rank-2 mode of operation going forward and also the transmission mode seeing the largest benefit of further advanced non-linear receivers due to the better precoding and rate control possible.
However we do not believe that other CRS-based transmission modes need to be included in the study. For instance, although TM5 multiuser transmission mode exists since Rel-8, it became obsolete due to LTE specifications evolving in the direction of DM-RS based schemes, starting from dual-layer beamforming/MU-MIMO in Rel-9, followed by enhanced DL-MIMO in Rel-10 and further coordinated multipoint transmission (CoMP) in Rel-11. 

Proposal 4: 
Prioritize DM-RS mode TM10 for multiuser interference mitigation cases (e.g. multiuser MIMO, inter-cell interference mitigation).

Proposal 5: 
As secondary focus, consider CRS modeTM4 mainly in SU-MIMO context.
3.3
Scope of UE receiver enhancements in Rel-12
In this section we discuss the scope of UE receiver enhancements in Rel-12 timeframe in terms of reference receivers, phase reference for demodulation (i.e. CRS vs. DM-RS) as well as associated transmission modes. The focus is on PDSCH-to-PDSCH interference based on the discussion in the previous section.
Reference receiver structures
The study item objective related to reference receivers for RAN4 work reads as follows [1]:

· Identify reference IS/IC receivers with and without network assistance, and evaluate their performance/complexity trade-off and implementation feasibility
· Analyze complexity and feasibility of basic receiver structures 

· Receiver structures based on linear MMSE IRC, successive interference cancellation, and maximal likelihood detection are considered as a starting point for reference IS/IC receivers
We provide detailed views on candidate Rel-12 reference receiver structures in a companion contribution [4] as well as preliminary performance results in reference [6]. Overall, we would emphasize the following:
· Candidate receivers need to be clearly identified and described in the technical report, similarly to LMMSE-IRC in Rel-11 timeframe [5].
· The focus should be on detector enhancements including successive interference cancellation. Other enhancements such as e.g. channel estimation are seen as proprietary and overall difficult to reach consensus in terms of RAN4 reference receiver description.
· Consensus on complexity and implementation feasibility needs to be reached in the RAN4 group before endorsing a given receiver structure as candidate;
Proposal 6:
Focus Rel-12 NAICS studies in RAN4 on detector enhancements.
In general, our view is that UE receiver evolution in terms of interference mitigation capabilities consists of optional enhancements on top of previous releases. A first step towards linear interference suppression was made in Rel-11 with LMMSE-IRC reference receiver [5]. The next natural step is further harvesting of the benefits of network assistance for LMMSE-IRC, which could be done witih limited specification impact. For instance, Widely Linear MMSE-IRC (WLMMSE-IRC) receivers can exploit the additional degrees of freedom from the real and imaginary part to enhance suppression of interference. Preliminary results presented in a companion paper [6] show significant performance gains obtained through network coordination of the modulation type (real- vs. complex-valued).
Proposal 7:
WLMMSE-IRC detector should be included as one candidate detector which benefits from network coordination of modulation type.
Further on the evolution of advanced receivers would generally be introduction of interference cancellation – i.e. non-linear interference mitigation – on top of interference suppression. The justification lies in the amount of side information as well as receiver complexity that both increase when applying interference cancellation instead of interference suppression. Interference suppression typically exploits statistics on the interference whereas specific side information – e.g. modulation or modulation and coding – is in general required by the cancellation algorithms. Since LMMSE and further LMMSE-IRC were chosen as reference receivers in Rel-8-10/11, the evolution towards LMMSE-IRC-SIC appears as a natural step. Information on the modulation for the interfering codeword is needed if interference cancellation (IC) takes place prior to channel decoding, whereas both modulation and coding rate are needed if the interfering codeword is decoded prior to IC. Maximal Likelihood detection is stated as another candidate receiver structure to be studied, which requires information on the modulation of the interfering stream. In a dedicated companion paper [4], it is proposed that LMMSE-SIC detector is selected as reference receiver structure based on the provided feasibility/complexity analysis. Preliminary results in [6] further demonstrate the benefits of LMMSE-SIC structures in both SU-MIMO as well as in intra-/inter-cell context, showing good gains in the latter case achieved via network assistance.
Proposal 8:
LMMSE-SIC detector structure should be selected as reference non-linear detector structure.
SU-/MU-MIMO receiver enhancements

The study item description focuses on network assisted interference suppression and cancellation. Studies are thus expected to take place considering one wanted data layer in face of one or a plurality of interfering layer(s). It is observed that considered candidate receiver structures are versatile in the sense that these are capable to process two data streams, regardless of whether both streams carry desired data or only one of them. Therefore it makes sense to harvest the benefits of such advanced receivers also from SU-MIMO perspective. Non-linear receiver structures are expected to tackle inter-stream interference in single-user multi-stream transmission to better extent compared to baseline LMMSE receivers assumed since Rel-8. No additional assistance information is required since information on precoding, resource allocation, modulation and coding rate for all streams of interest is available through DCI signalling and DM-RS (when used). Both CRS and DM-RS as phase reference could be considered.

Proposal 9: 
Study SU-MIMO rank-2 detector enhancements in addition to MU-MIMO scenarios.
Impact of interference coordination

Network or user signal coordination could be used to further enhance performance of certain algorithms. Long term coordination could improve the stability of the measured statistics mainly improving the performance of interference suppression algorithms. The long term coordination could be e.g. coordination of transmission ranks on area of resource blocks hence being suitable for less ideal backhaul networks. Short term coordination could be used for interference cancellation algorithms which target to coordinating e.g. modulation level and coding rate in certain resource blocks targeting for example improved interference cancellation. As tight coordination requires fast backhaul it would be more suitable for intra-cell multiuser MIMO or multipoint transmission schemes and on the other hand less suited for inter-cell operation.
Overall network coordination is a RAN1 issue in itself which relates both to Step 1 (scenarios) and Step 3 (system level studies). The interference profiles used in RAN4 should not contain any form of interference coordination. This would facilitate easier construction of the link simulation scenarios, allowing also more straight forward assumptions in terms of aggressor interference structure construction. The coordination aspect can be further validated by RAN1 at system level through the applicability of specific coordination techniques, while utilizing the Release 12 advanced receivers. For the upcoming link level studies in RAN4, we propose that:
Proposal 10: 

RAN4 link level studies assume that network coordination takes place if needed for a given candidate receiver.
Availability of assistance information

As discussed earlier, part of the considered receiver structures are expected to benefit from assistance information on the interference characteristics, e.g. modulation, resource allocation and code rate for an interfering codeword, etc. This information would be signalled by the network. Our view is that link level performance of candidate receivers needs to be evaluated first before discussing signalling needs/overhead/gain tradeoffs which will be addressed under Step 3 of the study item and is under RAN1’s responsibility. Hence, following the guidance of the study item description “Indicate (to RAN1) assumptions on the network assistance information for the evaluated receivers under possible network coordination” we propose that:

Proposal 11: 

RAN4 link level studies assume that assistance information is available if needed for a given candidate receiver.
Traffic models

Since we see the primary focus of this study item as PDSCH-to-PDSCH interference mitigation, a natural step is to consider fully loaded networks where PDSCH interference dominates and limits the overall system performance. Other forms of interference (e.g. CRS) will start to have influence under fractional network load. Performance gains of advanced PDSCH receivers will obviously be less in partially loaded systems. It is also noted that RAN4 has not developed to date any link level model for interference stemming from partially loaded networks.
Proposal 12:
Focus on full-buffer interference traffic model. 

4
Conclusions

In this contribution, we presented high level views on network-assisted interference cancellation and suppression for LTE UE. Our proposals are as follows:
Proposal 1: 
Focus the work on PDSCH-to-PDSCH interference mitigation.

Proposal 2: 
Assume synchronous networks.

Proposal 3: 
UE reference receiver is assumed to be based on single-FFT processing.
Proposal 4: 
Prioritize DM-RS mode TM10 for multiuser interference mitigation cases (e.g. multiuser MIMO, inter-cell interference mitigation).

Proposal 5: 
As secondary focus, consider CRS modeTM4 mainly in SU-MIMO context.
Proposal 6:
Focus Rel-12 NAICS studies in RAN4 on detector enhancements.
Proposal 7:
WLMMSE-IRC detector should be included as one candidate detector which benefits from network coordination of modulation type.
Proposal 8:
LMMSE-SIC detector structure should be selected as reference non-linear detector structure.
Proposal 9: 
Study SU-MIMO rank-2 detector enhancements in addition to MU-MIMO scenarios.
Proposal 10: 

RAN4 link level studies assume that network coordination takes place if needed for a given candidate receiver.
Proposal 11: 

RAN4 link level studies assume that assistance information is available if needed for a given candidate receiver.
Proposal 12:
Focus on full-buffer interference traffic model.
References

[1] RP-130404, Study on Network-Assisted Interference Cancellation and Suppression for LTE, MediaTek Inc., Renesas Mobile Europe Ltd, Broadcom Corporation, Orange, RIM, Telefonica, CHTTL, Magnolia Broadband, US Cellular, Verizon Wireless, China Telecom, China Mobile, T-Mobile USA, Intel, Deutsche Telekom, Telecom Italia, Alcatel-Lucent, Alcatel-Lucent Shanghai Bell, Qualcomm, Huawei, HiSilicon, Sprint, ZTE, China Unicom, Lightsquared, CATR, Samsung, Ericsson, ST Ericsson, CATT, Softbank Mobile
[2] R1-131376, Scenarios for network assisted interference cancellation and suppression, Renesas Mobile Europe Ltd
[3] RP-130393, CRS Interference Mitigation For Homogeneous Deployments, Ericsson, ST-Ericsson, NEC, MediaTek, Sony Mobile, Verizon, Orange, Softbank, Alcatel-Lucent, LG Electronics, Renesas
[4] R4-131791, Receiver structures feasibility for LTE Rel-12, Renesas Mobile Europe Ltd
[5] TR36.829, Enhanced performance requirement for LTE User Equipment (UE), Release 11
[6] R4-131793, Further considerations on Advanced Receivers, Renesas Mobile Europe Ltd
