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1 Introduction

In the last RAN TSG meeting the study item on Network Assisted Interference Cancellation was approved.

Document [1] provides the study item description including the objectives for RAN 1 and RAN 4.
As mentioned in [2] RAN 4 can start working on two aspects: 

· Baseline receiver 

· Impairment models

In this paper we provide a discussion on the reference receivers which can be considered as baseline for the analysis of the gains.

2 Discussion

The aim of this paper is to discuss the baseline receiver which can be used in order to analyze the gains of NAICS. For all the cases the reference legacy receiver is provided, with respect to which NAICS gains can be computed.
Two cases are considered in the discussion: synchronized networks and unsynchronized networks. Additionally two different sources of interference are taken into consideration: intra-cell interference and inter-cell interference.

In general the design criterion for the receiver is interpreted as a compromise between beamforming gain and cancelling of interference (created by the other streams transmitted within the same cell or other cells). The optimal beamformer should find a balance between the alignment with respect to the own channel vector and orthogonality wrt to the other spatial signatures. The goal of this study item is to go beyond classical linear receiver structure which find this balance such as MMSE receivers and define non linear detectors thanks to which a better error rate performance can be achieved. The cost, of course, being extra complexity. Examples of such detectors are successive interference cancellation (SIC) or Maximum Likelihood Detectors (MLD), [3,4]. 

The principle of SIC is to peel off different interference sources one by one by a processing sequence consisting of linear detection/demodulation, decoding, regeneration of the transmitted signal and subtraction from the received signal. This allows better SNR conditions for the other (wanted) stream to be decoded.

The MLD is instead a joint process whose aim is to select the most likely set of all streams simultaneously from the received signal by an exhaustive search or via a lower complexity algorithm which can be for example based on M-algorithm or sphere decoding.

The reference receiver could be defined in a generic way, however depending on the use case mentioned above, additional processing may be needed. Additionally, depending on the cases, the complexity will be more or less affected. Hence, in the following the receiver structure is defined independently for the different use cases. In this paper we focus on SIC receivers. Other receiver structures are not precluded.
It should be noted that many versions of SIC receivers exist in literature, the main difference being the depth of detection process; for example classical SIC receivers are implemented by turbo processing (turbo decoding and re-encoding of the estimated information bits) the interfering data. 

2.1 Inter-stream Interference
This scenario represents the case when the UE is e.g. in a macro environment, it is not hit by medium to strong inter-cell interference. The eNodeB schedules the UE with multiple layer spatial multiplexing (SU-MIMO) and the performance is affected by inter-stream interference coming from the non orthogonality of the precoder and the channel. Under this case the performance can be improved by using a non linear decoder such as SIC which peels off stream by stream in a serial fashion. Figure 1 represents schematically the generic structure of the SIC receiver. 
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Figure 1. SU-MIMO SIC receiver.
The received signal in frequency domain can be written as
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where Y is the NRX X 1 vector of the received signal on each rx antennas, H is the NRX X NTX channel matrix, W=[w1,w2] is the NTX X Nlayer precoder and wj is the precoder vector associated to layer ‘j’, P is the  Nlayer X Nlayer power allocation matrix and X is the Nlayer X 1 vector of transmitted symbols. V is the NRX X 1 vector of AWGN noise.
The notation is applicable for a subcarrier ‘m’ and OFDM symbol ‘l’.

The UE will apply the following processing to decode stream j
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where 
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The estimate 
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can be decoded and re-encoded (other processing are not precluded), the obtained symbol is called 
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The second stream (considering without loss of generality that dual stream spatial multiplexing is considered) will be estimated from the cleaned version of the received signal (Y1 at iteration 1) obtained as
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The UE will apply the following processing to decode stream k(j
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The benchmark receiver is proposed to be based on MMSE.
2.2 Inter cell interference – synchronous case
In case of inter-cell interference the only interference which needs to be cancelled is the interference coming from the other cells. 

The cells are synchronous and hence it can be considered that the possible timing offset between the cells is within the CP.  A proposal for upper bounds on the timing offsets to be considered in RAN 1 for the analysis is provided in a separate paper, [5].

The same mathematical framework as in the case of MMSE-IRC receiver can be reused.
The NRx-dimensional received signal vector r (without loss of generality we remove the index of the k-th subcarrier and l-th OFDM symbol) is assumed to be expressed as a sum of own signal H1d1 and interference signals Hjdj (j>1) and the white noise n:
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where dj and Hj, j={1, … NBS} represent the NTx x1 transmitted signal vector and the (NRx x NTx) channel matrix between the j-th cell and the UE containing the contribution from both receiver branches. The recovered NStream x 1 signal vector at the UE, dm is detected by using the (NStreams x NRx) receiver weight matrix TRx,m as follows.
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The equalizer TRx,m could be based on a MMSE (or MMSE-IRC matched to the interfering cell) processing. Figure 1 is still applicable but first the signal coming from the interfering cell is detected, decoded and regenerated and then subtracted from the signal. 
This is shown in Figure 2.
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Figure 2. SIC receivers for inter cell interference.

The signal 
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is then decoded and regenerated, it is called 
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. The cleaned version of the received signal, after NBS stages is then obtained as 
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where 
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 is the regenerated version of the j-th interfering signal dj at the j-th SIC iteration.
The wanted receiver is then detected as follows
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The equalizer TRX, j is considered to be the based on MMSE. It should be noted that in this case a number of stages is needed equal to the number of dominant interferers. If not all the dominant interferers are explicitly cancelled the equalizer TRx,1 could be based on MMSE-IRC, defined in TR 36.829 to mitigate the effect of non-explicitly cancelled dominant interferers. According to the study done in the context of the advanced receiver WI, 1 or 2 interferers are considered as dominant. The SIC receiver complexity increases linearly with the number of stages/iterations which are needed. When macro-macro scenarios are considered, it is proposed to follow the same approach as for the advanced receiver and to consider (up to) 2 explicitly modeled interferers. In the context of FeICIC the agreement in RAN 4 was to consider model explicitly 2 interferers. When heterogeneous scenarios are considered, it is proposed to follow the same approach used for FeICIC. This does not imply necessary that the number of explicitly cancelled interferers is equal to the number of modeled interferers.  
Additionally it should be noted that in case of inter-cell interference, in order to be able to perform channel estimation, demodulate the symbols, decode the bits, re-encode, remodulation etc etc a certain amount of information may be needed, or should be blindly or semi-blindly detected from the UE depending on the depth of the SIC receiver. Complexity and realistic cases should be taken into account when defining the reference receiver.
The benchmark receiver to compare the performance is the MMSE-IRC as defined in TR 36.829.
The same structure could be reused for control channel (PBCH, Synch channels) and reference symbol (CRS) IC. These can be also included as part of the baseline receiver. 

2.3 Inter cell and intra cell interference – synchronous case

Under scenarios when both intra cell and inter cell interference are present, the UE may be required to cancel or mitigate the interference coming from other cells and cancel the interference coming from the multiple streams scheduled to the UE.
Several receiver structures can be applied.

1. The UE applies an MMSE-IRC-based equalizer rather than MMSE-based equalizers and apply this to the structure of Figure 1. Simulation results based on this assumption are provided in [6] where gains up to 3dB where shown. 
2. The UE first applies the structure of figure 2 where it cancels explicitly the inter cell dominant interferer and as a final stage it applies the cancellation structure proposed in Figure 1. Note that this solution can be considered as more complex as several SIC stages are required.
The benchmark receiver structure can be the MMSE-IRC receiver.
The same structure could be reused for control channel (PBCH, Synch channels) and reference symbol (CRS) IC. These can be also included as part of the baseline receiver.
2.4 Inter cell interference – asynchronous case

The asynchronous case is the most complex. In the Advanced Receiver WI an asynchronous case test was introduced by considering 2 interfering cells delayed by 0.33ms and 0.67ms respectively with respect to cell 1. The same set up could be considered in this case.

However, since the delay is not within the CP, a dual receiver structure is needed in order to be able to detect/demodulate and decode the interfering signal.
The cancellation needs to be implemented in time domain rather than frequency domain which further increases the computational complexity in the regeneration part for each SIC stage (need to go back and forth through the FFT 2 times). 
Additionally the asynchronicity of the interfering cells introduces some latency because, before the UE is able to fully cancel the interference in the whole slot/subframe it has to wait until the whole interferering subframe has been received.

An alternative, in order to avoid considering too complex UE receiver structure is to use MMSE-IRC receivers for asynchronous case and consider better test coverage for asynchronous case based on MMSE-IRC.
2.5 Inter cell interference and Intra cell interference – asynchronous case

If scenarios where both inter cell interference and intra cell interference are present in a asynchronous network, the baseline receiver structure is similar to the two options described in Section 2.3, i.e.
· Intra-cell interference SIC where each stage mitigates the effect of asynchronous inter-cell interference via an MMSE-IRC.

· Asynchronous inter-cell interference SIC followed by Intra-cell interference SIC. However, the same discussion about complexity provided in Section 2.3 and 2.4 applies here and this type of approach may not be prioritized in the context of this SI.

3 Conclusions
In this paper we have discussed receiver structures which can be used as baseline for the NAICS SI. We have considered the cases and provided the following receiver structure. 
· Intra-cell interference: SIC receiver, benchmark is MMSE.
· Synchronous network:

· Inter cell interference: SIC receiver
· Inter cell + intra cell interference: SIC receiver for both or SIC for intra cell with MMSE-IRC based equalization.
· benchmark is MMSE-IRC.

· Asynchronous network

· Inter cell interference: MMSE-IRC receiver
· Inter cell + intra cell interference: SIC for intra cell with MMSE-IRC based equalization

· benchmark is MMSE.

It is also proposed to follow the system level simulation results already provided in the context of FeICIC and advanced receiver and consider 2 modelled interferers.
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