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Introduction 
[bookmark: OLE_LINK6][bookmark: OLE_LINK5]
In the scope of the study item on “Network-Assisted Interference Cancellation and Suppression for LTE” [1], the following objectives are identified for the study part in 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
· Based on the RAN1 scenarios agree on co-channel inter- and intra-cell interference models for link-level simulation 
· Evaluate the link-level gain over baseline Rel-11 linear MMSE-IRC receivers and Rel-11 non-linear receivers required for FeICIC
· Indicate (to RAN1) assumptions on the network assistance information for the evaluated receivers under possible network coordination 
 
Advanced IS/IC receivers have promising potentials to increase the network capacity and cell-edge user throughputs, which is of high interest for operators. It is therefore important to identify the reference IS/IC receivers that are expected to provide the most promising gains. 
The present contribution aims at analyzing the candidate LTE receiver structures for interference cancellation and suppression by highlighting the potentials and the related challenges for each option and by providing initial gain evaluation. 
Identification of LTE receiver structures for Interference Cancellation and Suppression

The candidate LTE receiver structures for interference cancellation and suppression are described below.
Linear MMSE-IRC
The performance requirements related to this type of receiver, referred to as Type A, are already defined in Release 11 [TR 36.829].
This receiver needs an estimation of the covariance matrix of the interference.
LMMSE-IRC receiver can efficiently suppress interference when the degrees of freedom at the receiver are sufficient, i.e., the number of receiver antennas is higher than the number of interfering spatial layers. In practice, the number of interfering layers is typically higher than the number of receive antennas; still, the LMMSE-IRC receiver can reduce the interference level, although not perfectly suppressing it. 

Successive Interference Cancellation (SIC)
For the following types of IC receivers, there is no performance requirements currently defined in RAN4.
Symbol level SIC receiver
This type of receiver relies on interference subtraction based on demodulation of the interferer’s symbols. 
It is expected to be efficient when a single interferer is received with a high power. In other cases, it is unclear whether this receiver can provide sufficient gain, due to the lack of processing gain in order to estimate with good reliability the interfering signal. The applicability of this type of receivers seems therefore limited. Moreover, this type of receiver may introduce error propagation phenomenon since no CRC check is possible. The situation where the interference power is much higher than the useful signal power is therefore a favorable situation for the Symbol level SIC receiver.

Hard Successive Interference Canceller (SIC) receiver
The Hard Successive Interference Canceller (SIC) attempts to detect and decode one by one the interferers of interest, as depicted on Figure 1 in case of MU-MIMO and/or inter-cell interference cancellation. 
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Figure 1: Outline of Interference Cancellation principle 

This type of receiver can take advantage of the CRC attached to each transport block issued by the MAC layer before channel coding: if after channel decoding the CRC check is successful, the block has been correctly decoded and the interfering signal can be perfectly reconstructed (minor the channel estimation errors). After the received signal has been cleaned up from one interferer (generally the one with the highest received power), a second interferer can be processed, and so on. 
This receiver requires estimating the channel of the interference and decoding its signal. 

The Hard SIC to be efficient needs to find at least one interferer that can be decoded without error (in order to subtract its interference from the useful signal). As a result, the situations where the interference power is much higher than the useful signal power and/or when the interference has a robust MCS are favorable situations where the Hard SIC brings significant gains.

In case the interference and useful signal have similar powers, the Hard SIC imposes the constraint that the MCS used by the first interferer be more robust than the MCS used for the signal of interest, as it will need to be decoded under the interference of the latter (UE1 in the example of Figure 1).


(Soft) Turbo Successive Interference Canceller (SIC) receiver
The (Soft) Turbo Successive Interference Canceller (SIC) receiver is based on the following principle, assuming a single interferer (UE2) and Linear MMSE IC detection for the sake of clarity:
1. Soft estimation of UE1’s information bits using LMMSE detection and a soft-in soft-out channel decoder;
2. Construction of soft estimates of UE1’s symbols and multiplication by the estimated channel response to obtain a soft estimate of UE1’s signal contribution;
3. Subtraction of UE1’s soft signal estimation from the originally received signal;
4. Do steps 1-2 for UE2 (interferer) instead of UE1, from the signal obtained in step 3;
5. Subtraction of UE2’s soft signal estimation from the originally received signal;
6. Soft estimation of UE1’s data, from the signal obtained in step 5;
7. Repeat steps 2-6 until successful decoding of UE1’s data (e.g. checked by means of CRC), or after a given number of iterations.

The outline of Turbo-SIC principle is depicted in Figure 2 [2].


Figure 2: Outline of Turbo-SIC principle 

Note that Turbo-SIC can be coupled with Turbo channel estimation, that is to say that channel re-estimation can be performed anew after each subtraction step. Data aided channel (re)-estimation (interferer and useful signal) based on the soft reliability of the decoded signal can be performed also within each iteration.

An important parameter of these receivers is the number of Turbo-code iterations for each detection and decoding step (see [3] for a specific optimized setting).

In order to evaluate the performance of Turbo-SIC receivers in system level simulations, an appropriate model of the link level performance is needed; such a model can be found in [2].

From our perspective, Turbo-SIC receivers based on LMMSE-IC detection offer a good trade-off in terms of performance vs. complexity.  

Note: Turbo-SIC naturally includes PIC (Parallel Interference Canceller) when a codeword experiences more than one spatial layer. A more detailed description of Turbo-PIC is provided in [3].

Maximal Likelihood (ML)

MMSE-IRC could be enhanced to ML detection taking into account the modulation and channel of the interferer.  
Similarly, the MMSE detection can be replaced in all other receivers structure described so far by a ML one. 
Enhancing the LMMSE receiver to an ML one would be beneficial in terms performance, particularly when the number of receive antennas is lower than the number of interfering spatial layers. However, for complexity reasons, degraded ML implementation often needs to be considered, whose gain is unclear compared to MMSE detection.




Network assistance
This section discusses where/how network assistance can be useful for the candidate IS/IC receiver structures described in section 2.
Interferers’ channel estimation
For all the receivers presented in section 2, except for the linear MMSE-IRC, the channel of each processed interferer has to be reliably estimated, to decode its data and to reconstruct the associated received signal with a good quality. This requires the reference signal (RS) used by the interferer to be known at the victim, and the SINR experienced on the RS to allow a sufficient channel estimation quality. 
In the case of DMRS-based demodulation, orthogonal DMRS sequences are available for UEs in the same cell (for MU-MIMO) since Release 10. In addition, the possibility to allocate orthogonal DMRS sequence to UEs in neighbouring cells has been introduced in Release 11. This framework however limits the number of orthogonal sequences to two, which constrains the victim and aggressor UEs to be served with a single MIMO layer if DMRS interference is to be avoided. Note that the lack of RS orthogonality may be compensated by more powerful signal processing, e.g. by refining the channel estimation at each iteration of the Turbo-SIC process. However, some signalling is required to inform a UE about the DMRS sequence used by another interfering UE. 
For CRS, no mechanism facilitating the RS interference handling is available; nevertheless their high density combined with efficient signal processing may allow acceptable channel estimation quality for both CSI feedback and demodulation. Further study is needed to clarify this point. CRS being cell-specific, the victim UE can deduce the interferer’s RS sequence from the knowledge of its serving cell.
Note that in the case of SIC receivers, channel re-estimation of the useful signal can be advantageously performed after interference subtraction.
Informing the UE about the interferer’s parameters
In the case of inter-user interference mitigation (intra-cell MU-MIMO and/or inter-cell interference), and depending on the receiver type, the victim UE may require to know some interferer’s transmission parameters.
As stated in section 3.1, the channel of the interferer needs to be estimated for all the receivers presented in section 2, except for the linear MMSE-IRC. For this, in case of DMRS-based demodulation, the DMRS sequence of the interferer is required. In case of CRS-based demodulation, the precoding information is required.
In the case of symbol level IC receiver, the victim UE could be informed about the modulation order of the interferer(s); this may not be necessary if using blind demodulation detection techniques. 
Resource allocation could be coordinated between the victim and its interferer(s) in order to facilitate the interference demodulation. For instance, QPSK could be favoured over higher-order modulations for UEs expected to be interferers, as the former will be easier to demodulate by the victim.
In the case of Hard SIC and of Turbo-SIC receivers, the victim UE needs to know the following transmission parameters of the interferers: 
· PRB assignments
· MCS
· RNTI
· DMRS sequence, if demodulation is based on DMRS
· Precoding information, if demodulation is based on CRS

Up to Release 11, a UE cannot access any of these pieces of information related to another UE. Some mechanisms (e.g. a new signalling) then need to be introduced into the standard in order to provide this information to the victim UE.
Interferer’s MCS decodability
If channel decoding of the interferer is used (Hard SIC receiver or Turbo-SIC receiver), in order to decode the interferer’s data, its MCS has to be decodable by the victim. Indeed, if a UE at the cell edge (thus experimenting generally a poor channel quality) is interfered by a signal intended to a UE in the cell center encoded with a high MCS (e.g. 64QAM, and 8/9 code rate) then the victim will most likely not be able to decode the interfering data. A coordinated link adaptation across neighbouring cells (or within the cell for MU-MIMO) taking into account both the UE of interest but also a potential IC-enabled interfered UE is therefore needed to guarantee that IC is feasible. Without such a coordination, IC would be sometimes feasible and sometimes not, making difficult for the base station to select the appropriate MCS for its served UE. This may impose scheduling restrictions, whose impact on the overall performance needs to be analyzed via system level evaluations.
Resource allocation coordination between victim and interferers
Network assistance may benefit LMMSE IRC receivers, e.g. by reducing the rank of the interfering transmission on the resources allocated to the victim, in order to increase the number of degrees of freedom of the receiver to mitigate interference. Nevertheless, such assistance is not necessary for the LMMSE-IRC receiver to provide gains.
If channel decoding of the interferer is used (Hard SIC receiver or Turbo-SIC receiver), the resources allocated to both the victim UE and the interferer(s) should be aligned as much as possible in order to reduce the processing complexity. Indeed, the channel decoding operation requires demodulating the full resource allocation of the interferer. For instance, if one interferer’s signal occupies the full system bandwidth whereas the victim’s signal is transmitted only over one third of the bandwidth, then the complexity associated with decoding the interferer’s data is much higher than for the data of interest, which may reduce the interest for employing IC in this case. Ideally, the victim and interferer(s) would occupy the same resources. Nevertheless, having a non-identical but close resource allocation is expected to capture a large part of the IC benefits. The consequence would be that interference may not be cancelled on all the resources (if the interferer’s allocation is smaller than for the victim) or that a small extra complexity would be needed (if the interferer’s allocation slightly exceeds the victim’s one). However, it would yield the great benefit of providing more opportunities to the schedulers to find pairs of victim/aggressor UEs able to take advantage of IC. The resource alignment has to be taken care of by coordinated scheduling between neighbouring cells, in the same way as for CoMP. 
Note that the two last challenges (resource allocation coordination and MCS decodability for Hard SIC and Turbo-SIC) require some coordination among the schedulers. In case of inter-site interference mitigation, this coordination can be limited due to backhaul constraints. Further study is required to evaluate the impact of limited coordination on the capacity and cell-edge user throughput gain in this case.

In order to minimize the inter-cell IC complexity, it is required to time-synchronize the network, so that the victim and interfering signals can be demodulated via a single FFT. 

Initial IC receivers gain evaluation
IC receivers gain evaluation in case of intra-cell SU-MIMO interference cancellation
This section provides initial link level simulation results for SIC receivers.
Simulation assumptions
The following table provides the link level simulation assumptions.

	Parameter
	Value

	Bandwidth 
	20 MHz 

	Channel model 
	EPA, 3km/h

	Correlation at eNB side 
	Medium (0.5) 

	Correlation at UE side 
	Medium (0.2) 

	Transmission Mode 
	Beamforming (TM6), Closed loop precoding (TM4) 

	UE Reporting Mode 
	PUSCH Mode 1-2: WideBand CQI, Multiple PMI 

	HARQ 
	Chase Combining (up to 4 retransmissions) 

	UE Category 
	5 [MIMO 4x4] 

	Receiver Type 
	LMMSE, Hard SIC and Turbo-SIC (ideal) 



Link-level simulation results
The following figure shows the link level simulations results for LTE category 5 UE with typical transmit and receive antenna spatial correlation of 0.5 and 0.2, respectively.

 
Figure 2: link level simulations results for LTE receivers: LMMSE, Hard SIC, Turbo SIC (ideal)

Note that ideal Turbo SIC refers to the interference free upper bound. In practice, Turbo-SIC implementation will yield performance between the Hard SIC ones and this upper bound.  

Turbo receivers have therefore a great potential to increase the SU-MIMO performance of LTE, as also shown in [3] and [4]. 
Upper bound of SIC receivers gain evaluation in case of perfect inter-cell interference cancellation under network assistance

This section provides initial system level simulation results for SIC receivers [5].
Simulation assumptions

The following table provides the system simulation assumptions.

	Parameter
	Value

	Carrier 
	FDD DL, 2 GHz

	Bandwidth
	10 MHz

	Network layout 
	19 tri-sector macro sites with wrap-around, 500 m ISD

	Channel model
	ITU Uma (dense urban), 3 km/h

	Penetration loss
	20 dB for indoor UEs, 0 dB for outdoor UEs

	UEs distribution
	Uniform, 75% UEs indoors, 10 UEs/cell for full buffer

	Traffic models
	Full buffer 

	Antennas
	2 Tx X-pol, 2 Rx X-pol  

	MIMO scheme 
	SU-MIMO with adaptive number of layers

	Feedback
	PUSCH 3-1 with 5 ms duty cycle

	UE receiver
	MMSE-SIC with IRC for SU-MIMO
w/wo hard inter-cell interference cancellation up to 2 interferers

	Interference modelling
	Fully modelled from 57 cells

	Channel estimation
	Ideal

	Link adaptation
	Realistic, based on CQI feedback

	Scheduling 
	Proportional Fair, frequency selective

	HARQ
	Explicit with 4 transmissions maximum



The baseline receiver is an MMSE-SIC modeling realistically the SU-MIMO interference cancellation. Inter-cell SIC is modeled in an idealistic manner: the received interference power associated from the processed interferers is affected by a 0.2 coefficient in the post-receiver SINR formula, which leads to cancelling 80% of the interferer’s received power. The modeled IC receiver have the capability of performing inter-cell IC for the N dominant interferers in the long term, i.e. based on their path loss and shadowing only, with N = 1 or N = 2. 
Note that IC receiver is assumed to be always possible, with no scheduling restriction, which is clearly an idealistic assumption. These results provide therefore an upper bound of the achievable performance. 
Inter-site IC: system-level simulation results
In this section, we assume a victim UE can cancel the interference generated by other cells transmissions, without any restriction on the sites which control these cells. In order for the network to ensure IC can be successful in most of the situations, inter-site coordination may be needed.
	No IC / IC
	Capacity (Mbps)
	Cell-edge user throughput (Mbps)

	No IC
	15.5 (0%)
	0.38 (0%)

	IC, N=1
	20.3 (+31%)
	0.49 (+30%)

	IC, N=2
	26.4 (+70%)
	0.63 (+66%)



These results show that perfect cancellation of 1or 2 dominant interferers has the potential to provide high cell capacity and cell edge user throughput gains.  These results are clearly optimistic because of the idealistic character of the IC modelling, so that the gains with a realistic modelling are expected to be (potentially much) lower. Nevertheless, even with a 50% decrease due to realistic operation, these gains would still remain significant.
Intra-site IC: system-level simulation results

In this section, we assume the UE can only process interferers served by cells controlled by the same site as its serving cell. This models the case where the network assistance necessary to enable IC at the victim is constrained to operate on the cells of the same site due to backhaul limitations. 


	No IC / IC
	Capacity (Mbps)
	Cell-edge user throughput (Mbps)

	No IC
	15.5 (0%)
	0.38 (0%)

	IC, N=1
	19.2 (+24%)
	0.45 (+19%)

	IC, N=2
	23.2 (+50%)
	0.47 (+22%)



These results show that the intra-site IC with cancellation of 1or 2 dominant interferers provides most of the cell capacity and cell edge user throughput gains of the unconstrained IC. Note that the cell-edge user throughput is significantly reduced for N=2 compared to the unconstrained IC. This is due to the fact that the UEs able to take advantage of cell-edge user throughput gain in this scenario are expected to be mostly located around the border between two sectors of the same site. As the third sector of the site has little impact on this region, cancelling its interfering signal brings little performance improvement to these UEs. These results show that high IC gains can be expected in homogeneous networks even in the case of imperfect backhaul.

Summary of the candidate receiver structures and assumptions of network assistance

The following table summarizes for each receiver structure the expected potential gains, the complexity aspects as well as the possible need for network assistance. 


	IS/IC Receiver structure
	Processing
	Complexity
	Interference type
	
Network assistance
	Potential average user throughput gains

	LMMSE-IRC
	Estimation of the covariance matrix of the interferer’s signal
	Low 
	Intra-cell SU-MIMO
	Not needed
	Baseline

	
	
	
	Intra-cell MU-MIMO or Inter-cell
	Limited or not needed
	

	Symbol-level SIC

	Demodulation of the interferer’s symbols 
	Low/Medium
	Intra-cell SU-MIMO
	Not needed
	Low 
(significant for high power interferer scenario but limited in the general case)

	
	
	
	Intra-cell MU-MIMO or
Inter-cell
	Limited or not needed
	

	Hard SIC

	Estimation of the interferer’s channel and decoding of its signal
	Medium

Depends on the number of interferers 

	Intra-cell SU-MIMO
	Not needed
	Medium

	
	
	
	Intra-cell MU-MIMO or
Inter-cell
	Needed
	Medium with network assistance

	Turbo-SIC
(or Turbo PIC)

	Estimation of the interferer’s channel and decoding of its signal
	High 

Depends on the number of interferers and number of iterations 

Risk of delay increase in case of high number of iterations
	Intra-cell SU-MIMO
	Not needed
	High

	
	
	
	Intra-cell MU-MIMO or 
Inter-cell
	Needed
	High with network assistance

	Non iterative ML 
	Estimation of the interferer’s channel 
	Intractable for certain configurations
(suboptimal ML implementation needed)
	Intra-cell SU-MIMO
	Not needed
	Low
 (advantageous compared to MMSE when the number of interfering spatial layers exceeds the number of receive antennas)


	
	
	
	Intra-cell MU-MIMO or 
Inter-cell
	Limited or not needed
	

	Iterative ML
	Estimation of the interferer’s channel and decoding of its signal
	Intractable for certain configurations
(suboptimal ML implementation needed)
	Intra-cell SU-MIMO
	Not needed
	Very High (but intractable)

	
	
	
	Intra-cell MU-MIMO or 
Inter-cell
	Needed
	Very High with network assistance (but intractable)


Table 1: Receiver structures and assumptions of network assistance

Conclusions
This contribution has provided an analysis of the candidate LTE receiver structures for interference cancellation and suppression by highlighting the potential gains and the related challenges for each structure.

[bookmark: _GoBack]According to the initial gain evaluation, the Turbo-SIC receiver shows high potential for capacity gains, both for intra-cell SU-MIMO interference, without the need of network assistance, and for inter-cell interference under network assistance.

Network assistance is needed in order to allow highly efficient advanced receivers to cancel inter-cell interference, and thus enhance system capacity and cell-edge user throughputs. In this setting, not only the receiver performances are important but also the scheduling design.  It is to be assessed which combination achieves the best performance trade-off.
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