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1 Introduction
This contribution discusses the class of interference cancellation (IC) receivers for detecting/decoding serving cell information in the presence of interferers in the context of the study item on network assisted interference cancellation / suppression for LTE downlink receivers. We present the signal model, interference cancellation (IC) receiver definition and its variants. We also present a high-level evaluation of SIC based receivers on three aspects: a) performance, b) complexity and c) signalling requirements.
2 Signal Model
Let the number of simultaneously transmitting cells be N, including the serving cell. The received signal is given by the superposition of all the N transmitted signals: 
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               for k = 0, 1, ..., K.
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where, ρi is the amplitude of the signal transmitted from i-th cell,
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is the channel matrix of the i-th cell on the k-th tone / resource element (RE), 
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 is the symbol transmitted by the i-th cell in the k-th tone and 
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is the spatial precoding matrix used by the i-th cell and K is the total number of observed tones. The number of cells in this case is N with one serving cell and N – 1 interferers.
2.1 Definition of Interference Cancellation (IC) Receiver
Interference cancellation (IC) receivers are a class of non-linear receiver techniques which take a non-linear approach to decoding serving/interfering cells. In a communication system such as the one described above with N users, the IC receiver can have up to N decoding stages, one for each transmitting user. In the i-th stage, the IC receiver detects/decodes symbols from the i–th cell and then cancels it from the received symbols.
IC receivers can be classified as follows: 
· Symbol level (SLIC) vs. Codeword level IC (CWIC): 
· In each stage of IC, the UE can either use detected symbols to cancel out the interference from yk or it can perform the full decoding of the signals from the i-th cell, provided of course the coding scheme etc. is known. Accordingly, the IC receiver can be classified into symbol-level or codeword level IC receiver.
· Observation 1: CWIC receivers compared to SLIC receivers, require the exact encoding scheme information and exact rate matching information (including RB allocation) of each interferer. Such information may not be easily available unless provided by network signalling, which may incur significant signalling overhead as well as scheduling constraints.
· Observation 2: Moreover, CWIC introduces additional complexity to perform codeword decoding and re-encoding, also introducing large latencies in the receiver chain. 
· Observation 3: In case the RB allocation of the target PDSCH from the serving cell partially overlaps with those from interferers, CWIC may require joint cancellation and decoding of multiple PDSCHs’ from multiple cells. This situation is illustrated in the Figure 1 below. In the example, the target PDSCH from the serving cell to the UE (“PDSCH 0”) is partially interfered by “PDSCH 2”. So, to decode its own PDSCH “PDSCH 0”, the UE may want to decode and cancel the “PDSCH 2”. However, “PDSCH 2” is in turn partially interfered by “PDSCH 1”, which the UE may have to decode and cancel. The “PDSCH 1” in turn is partially interfered by “PDSCH 3”, which the UE may have to decode and cancel. Clearly, this situation is very undesirable. An eNB scheduler restriction may be placed to avoid such a partial RB overlap, but such a restriction is not desirable either.
· 
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Figure 1: Partial overlapping of interferers
· Proposal 1: Given the above observations, the proposal is to focus on SLIC receivers first, and later moving on to CWIC. 
· Proposal 2: As part of SLIC receiver study, we propose to

· a) First evaluate baseline performance of SLIC receiver with genie-aided network assistance to serve as an upper bound.

· b) Evaluate baseline performance of SLIC receiver without network assistance. 
3 Performance, Complexity and Signalling Aspects

3.1 Performance

Compared to the baseline MMSE-IRC receivers, the IC receiver achieves better performance due to its ability to cancel interferers and demodulate potentially cleaner signals when decoding the serving cell. The class of IC receivers is especially well equipped to handle strong interferers which the linear receiver is incapable of handling effectively. The performance gain is a function of the amount of interference parameter information available to the UE. For example, in order to be able to detect / decode a strong interferer, the UE needs to either know or estimate some of its transmission parameters.
The error propagation that may occur in IC receivers due to errors in each stage may contribute to the performance loss compared to ML receivers. On the other hand, the complexity of IC receiver is lower than ML.

One example of SIC performance gain with respect to LMMSE-IRC receiver is shown in Figure 2. 
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Figure 2: SLIC Performance Gain
3.2 Complexity

· Complexity of a receiver has three components: The channel estimation part, the front end part and the back end part. 

· For the baseline MMSE-IRC receiver:

· Channel estimation with CRS-IC scales linearly in the number of interferers:    CCE
· Front-end (detection and interference cancellation:  CFE
· Back-end (FEC Decoding i.e., Turbo decoding for PDSCH) :   CBE
· Total Complexity (approx.) = N(CCE) + CFE + CBE
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Figure 3: Block diagram for MMSE-IRC receivers
· For SLIC receivers,

· Total Complexity (approx.) = N(CCE + CFE) + CBE
· The front end and channel estimation scales linearly in the number of interferers, while the back-end decoding is performed only once.
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Figure 4: Block diagram for SLIC
· Complexity of CWIC receivers:
· Total Complexity = N(CCE + CFE + CBE)

· The back end is typically turbo decoding - a largest component of receiver complexity. Therefore, CWIC necessitates is a large addition to the complexity as well as latency of the receiver.
· Interference parameter estimation is significantly more complicated for CWIC, since the encoding scheme and entire RB allocation information are needed for all the interferers. Effectively, the UE needs to know the interferer PDCCH contents for all interferers.
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Figure 5: Block diagram for CWIC

· Sensitivity to Interference Parameters

· CWIC receivers have a higher sensitivity to interferer transmission parameters than SLIC receivers, particularly with respect to the encoding scheme and RB allocation since this information affects multiple RBs at once in CWIC.
· Conclusion: SLIC is a more practical implementation choice than CWIC due to reasonable complexity, easier parameter extraction and robustness to interference parameters.
3.3 Signalling Assumptions/Requirements
We list the set of transmission parameters that impact the IC receiver. All of the following information is known for the serving cell through control channel signalling, but they are unknown for the interfering cells. The performance of IC receivers can benefit from the knowledge of transmission parameters of the serving as well as the interfering cells. Other parameters which can benefit interference cancellation are:

· Transmitted signal strength, which includes the traffic to pilot ratio (TPR) for PDSCH channels. 
· Spatial precoding scheme, which varies depending on the transmission mode.
· Modulation format, which specifies the constellation from which the transmit symbols are chosen, as determined by the MCS.
Granularity of parameter variation: The UE could potentially see different interferers on each RB; therefore, the granularity of variation of the above parameters is per RB.

· An additional simplification may be made by assuming a sub-band level granularity for the interference transmission parameters.
Additional parameters needed for CWIC:

· Exact MCS and encoding scheme information will be needed by the UE if CWIC needs to be performed.

· Exact RB allocation: In order to successful decode the interferer’s codeword, the UE needs know the RB allocation of the interferer so that the entire codeword can be decoded. 
· Effectively, CWIC requires the UE to know the contents of the PDCCH of interferers - a requirement too extensive - which is why the proposal here is to focus on SLIC first.
There are two options to knowing the transmission parameters of the interferers at the UE:
· Estimation of the transmission parameters using blind estimation techniques at UE.
· Network signaling.
Currently, no network signaling exists for interference mitigation purposes, but it is part of the RAN1/2 efforts on the same study item. There are two considerations when it comes to network signaling. 
· One, the actual amount of signaling could be very large to provide all necessary information at sufficient granularity required by the UE, especially for CWIC; and

· Two, it is desirable to have a receiver architecture which is able to function smoothly depending on different levels of network signaling as determined by RAN1/2 – therefore, it is important to not assume specifics about network signaling at the outset.  Please note that the parameters of the serving cell are already known to the UE.
4 Conclusions
The class of IC receivers were discussed for interference mitigation in Rel-12 UEs. Based on the aspects of performance, complexity and signalling requirements, we conclude the following:
· SLIC receivers are a feasible choice for interference mitigation in Rel-12 UEs owing to their interference mitigation capability at reasonable complexity that scales linearly with the number of interferers.
· Prioritize SLIC receivers over CWIC receivers due to 
· Lower complexity than CWIC.
· Lower signalling requirements than CWIC.
· Greater robustness to interference parameters than CWIC.
· SLIC receivers first need to be evaluated assuming no network assistance. As RAN1/2 specifications materialize, SLIC receivers can be studied with varying degrees of network assistance.
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