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1. Introduction
The study item entitled “Study on Network Assisted Interference Cancellation and Suppression for LTE” was approved in RAN plenary #59 [1].  The first objective is copied below 
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:

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

· 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.

This first objective should be completed in maximally two meetings and in the meantime RAN4 proceed with objective #2 as below [2], especially the first sub-bullet as highlighted:
2. (RAN4) 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

· Work can be conducted in parallel to step-1

· …
In this contribution, we discuss the basic receiver structures and complexity/feasibility.
2. Target and Interference Physical Channels 
Receiver processing is different depending on the transmission mode of the target channel and the interference channel. We use the table below to discuss various cases that can occur. 

	Desired channels
	Interference channels
	CRS interference additional to the interference channel?  
	Commonly encountered or not?

	DMRS-based PDSCH (TM8/9/10) 
	DMRS-based PDSCH (inter-cell)
	No, in MBSFN subframe or if PDSCH starts after 2nd symbol. Otherwise possible
	Typical case. 

	
	DMRS-based PDSCH (MU)
	No 
	Should be a typical case for MU

	
	CRS-based PDSCH 
	Yes
	May happen

	
	PDCCH (if overlapping with PDSCH)
	Possible if PDSCH starts at 1st or 2nd symbols
	May happen, but may not be an important case 

	
	EPDCCH
	Same as DMRS-based PDSCH
	Can be of interest when EPDCCH is used in neighbor cell

	CRS-based PDSCH 
	DMRS-based PDSCH (inter-cell)
	No, in MBSFN subframe and if PDSCH starts after 2nd symbol. Otherwise possible
	May happen

	
	CRS-based PDSCH (inter-cell)
	Yes
	Typical case. 

	
	CRS-based PDSCH (MU TM5)
	No
	May happen

	
	PDCCH (if overlapping with PDSCH)
	Possible if PDSCH starts at 2nd symbols
	May happen, but may not be an important case

	
	EPDCCH
	Same as DMRS-based PDSCH
	May happen

	EPDCCH
	Same as above for DMRS-based PDSCH (no MU though)
	Same as above for DMRS-based PDSCH
	May not be of key interest from the perspective of cell-average or cell-edge throughput 

	PDCCH
	PDCCH
	Yes
	PDCCH is not the key focus  from the perspective of cell-average or cell-edge throughput

	
	DMRS-based PDSCH and EPDCCH, or CRS-based PDSCH (if overlapping)
	Possible if overlap
	


We propose:

· First focus on DMRS-based PDSCH as the desired channel with DMRS-based PDSCH as inter/intra-cell interference

· Not to consider the case with CRS interference initially, but can be included after taking into account the discussion of RAN4’s CRS-IC study item at a later stage  

· EPDCCH as inter-cell interference channel may be of interest,  

· CRS-based PDSCH under the inter/intra-cell interference of CRS-based PDSCH is also of key interest to current deployment

· EPDCCH and PDCCH improvement is not a key focus from the perspective of cell-average or cell-edge throughput

3. Linear MMSE-IRC   
The MMSE-IRC is well-known from Rel-11 study [4] where it was generally understood that:  

· MMSE-IRC does not differentiate the source of interference (inter- or intra-cell) and thus does not require any specific interference knowledge other than the estimated interference covariance matrix 
· MMSE-IRC performance depends on the accuracy of the interference covariance matrix which can be estimated on a per-PRB basis depending on implementation based on either CRS, DMRS, or data, since interference characteristics is expected to be stable within a PRB of each subframe.   
· Improving the accuracy of interference covariance matrix is possible based on tentative data decisions. But it is up to implementation without any spec impact.
The table below captured some typical variants of MMSE-IRC based receivers. 
Table 1: Variants of MMSE-IRC based receivers
	Variants
	Required knowledge
	Algorithm description

	CRS-based 
	CRS of the desired PDSCH
	Refer to section 4.3 of TR36.829 
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Estimate the covariance matrix R of the total intra- and inter-cell interference  from [image: image3.png](k1) ECRS
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“R” can be estimated over one or more PRBs depending on implementation.

	DMRS-based  
	DMRS of the desired PDSCH
	Refer to section 4.3 of TR36.829 

Estimate the covariance matrix R of the total intra- and inter-cell interference  from [image: image7.png](k.l) € DMRS
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	Data-based
	None
	Refer to section 4.3 of TR36.829 
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	“Per-subcarrier” 
	Known/estimated interference channel 
	Per-subcarrier interference channel is estimated based on either DMRS or CRS-plus-PMI. It can be used in an MMSE receiver or equivalently in the interference covariance matrix “R” but at each subcarrier. The covariance matrix of all the remaining unknown interference is still used in the same way as before such as per-PRB basis.


For MMSE-IRC receiver with per-subcarrier interference channel, there are a few possible assumptions to estimate the channel, as captured in the table below: 
Table 2: Assumptions of MMSE-IRC based receivers 
	Cases
	Assumed knowledge
	Methods to obtain (Inter-cell case)
	Methods to obtain (Intra-cell case)

	DMRS-based PDSCH interfered by DMRS-based PDSCH
	1) Presence of interferer(s) (including rank) in each PRB of PDSCH
2) Estimated precoded channel(s) in each PRB
3) Estimated covariance matrix of all remaining interference  
	For (1): signal or UE detect
For  (2), from DMRS port(s) that requires DMRS sequence information (signal or UE detect)
For (3), from DMRS after removing known interference(s) (UE estimate)
	For (1): signal or UE detect

For (2), from DMRS port(s) that requires DMRS sequence information (signal or UE detect). Possible orthogonal DMRS ports assigned.
For (3), from DMRS after removing known interference(s) (UE estimate)

	CRS-based PDSCH interfered by CRS-based PDSCH
	1) Presence of interferer(s) (including TM2/3/4/6) in each PRB of PDSCH
2) Estimated precoded channel(s) in each PRB

3) Estimated covariance matrix of all remaining interference  
	For (1): signal or UE detect
For  (2), from interfering cells’ CRS that requires cell-ID (signaled) and TM/PMI  (signal or UE detect)
For (3), from CRS after removing known interference(s) (UE estimate)
	For (1): signal or UE detect

For  (2), TM/PMI  (signal or UE detect)

For (3), from CRS after removing known interference(s) (UE estimate)


The performance of MMSE-IRC receiver with per-subcarrier interference channel is expected to be dependent on many factors, such as:
· Capability and robustness of interference detection, if not signaled or infeasible to do so

· Knowledge and the provisioning of reference symbols of interference and their transmission scheme (i.e., TM, PMI, rank), either via signaling or UE detection if feasible and robust 
· The number of interferers and their corresponding SINRs, which will determine the quality of the channel estimation and the effectiveness of MMSE-IRC 
As to the complexity and feasibility of “per-subcarrier MMSE-IRC” receiver, the computational complexity is increased for per-subcarrier MMSE-IRC receiver due to per-subcarrier covariance matrix estimation, but generally feasible assuming known interference channel(s). The concern of complexity and feasible depends on the processing required to detect the interference. 
Proposal #1: MMSE-IRC receivers with additional estimation of per-subcarrier interference channel (i.e., “per-subcarrier” MMSE-IRC) are considered. Network assistance or UE detection to obtain such estimation needs to be further studied.

4. ML   
ML receiver is also well-known in the MIMO literature. MMSE or ML is often an implementation choice in the case of single user (SU) rank=2 assuming 2Rx. In SU setting of LTE, the UE can estimate the rank-2 channel matrix from orthogonal pilots. Also known is aligned PRB allocation and the MCS for each transmission layer, even though the MCS information is not used in MMSE receiver and only the modulation order is used in ML.  
When applying ML type of receiver to address inter- or intra-cell interference, we need modulation order information in addition to channel estimation of the interferer. Modulation order is the only additional information needed compared to “per-subcarrier” MMSE-IRC receivers. 
Table 3: ML-based receivers and assumptions
	Variants
	Required knowledge
	Algorithm description

	ML 
	1) Estimated interference channel and estimated interference covariance matrix “R” of all remaining interference (or at least the power of remaining interference)
2)  Modulation order of each PRB of PDSCH
	Compute the LLR of the desired channel/user from received signals and parameter (1) and (2) on a per-subcarrier basis.  
To obtain (1), same discussion as in “per-subcarrier” MMSE-IRC receiver (Table 2) including interference detection. 
To obtain (2), UE detection or signaling


 ML type of receivers has higher complexity than MMSE-IRC based receivers. But for rank-2, ML or “quasi-ML” implementation has very reasonable complexity from Rel-8 discussion.  Same as per-subcarrier MMSE-IRC, the channel estimation of interference channel(s) is important to the performance.  Modulation order of interference at each PRB of PDSCH may or may not be feasible to detect reliably, its signaling may or may not be feasible as well. 

Proposal #2: ML receivers are considered, and network assistance or UE detection to obtain additional modulation order information will be further studied.

5. SIC  
There are many variants of SIC receivers depending on
· Whether channel coding is exploited or not (i.e., based only on linearly estimated symbols)
· “One-pass” or iterative processing
· Initial receiver processing
We propose to consider the use of channel coding to better reconstruct the signal to be cancelled. Hence, in addition to what is required for ML, additional coding information (i.e., MCS) information is required. PRB allocation alignment between desired PDSCH and interference PDSCH is also assumed.

From the complexity point of view, perhaps “one-pass” processing is more feasible than iterative processing, with either MMSE-IRC or ML as the initial processing. SIC type of receivers is deemed feasible in Rel-8 when multiple-codeword (MCW) solution was adopted for MIMO rank 2 and above. 
Proposal #3: One-pass (i.e., non-iterative) SIC receivers with MMSE-IRC or ML as the first-step processing are considered. PRB alignment and signaled MCS can be assumed in the study. 

Details of SIC need further discussion if they significantly affect the results.  An example is whether to start decoding of desired or interfering PDSCH, as described by the two typical processing flows below where one desired and one interfering PDSCH are assumed here for ease of discussion:
A) If starting from interference PDSCH: Decoding interference data using MMSE-IRC or ML algorithm; obtaining interference “soft” symbols from coded-bit LLR or “hard” symbols (based on re-encoding and QAM mapping); reconstructing interference from the “soft” or “hard” symbols and using estimated interference channel(s); cancelling the reconstructed interference; computing the LLR of code bits of the desired PDSCH based on a linear MMSE type receiver; decoding the desired data
B) If starting from data PDSCH: Decoding desired data using MMSE-IRC or ML algorithm; obtaining desired “soft” symbols from coded-bit LLR or “hard” symbols (based on re-encoding and QAM mapping); reconstructing desired signal from the “soft” or “hard” symbols and estimated desired channel(s); cancelling the reconstructed desired signal; decoding the interference data according to a linear MMSE type receiver; decoding the interference data; obtaining interference “soft” symbols from coded-bit LLR or “hard” symbols (based on re-encoding and QAM mapping); reconstructing interference from the “soft” or “hard” symbols and estimated interference channel(s); cancelling the reconstructed interference; computing the LLR of code bits of the desired PDSCH based on a linear MMSE type receiver; decoding the desired data again
Table 4: SIC-based receivers and assumptions

	Variants
	Required knowledge
	Algorithm description

	MMSE-SIC or ML-SIC 
	1) Assume PRB alignment and known MCS of one or more interfering PDSCH

2) Estimated interference channel (same discussion as in Table 2)
	Details of SIC needs further discussion if significantly affects the results, for example A) or B) and further details therein


6. Conclusion 
In this contribution, we discussed the basic receiver structures and complexity/feasibility and we propose:
1. MMSE-IRC receivers with additional estimation of per-subcarrier interference channel (i.e., “per-subcarrier” MMSE-IRC) are considered. Network assistance or UE detection to obtain such estimation needs to be further studied.
2. ML receivers are considered, and network assistance or UE detection to obtain additional modulation order information will be further studied.
3. One-pass (i.e., non-iterative) SIC receivers with MMSE-IRC or ML as the first-step processing are considered. PRB alignment and signaled MCS can be assumed in the study.
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