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1. Introduction
In RAN #59 the new Rel-12 “Study on Network-Assisted Interference Cancellation and Suppression for LTE” (LTE NAICS SI) was approved [1]. The general goal of the study item is to investigate feasibility and performance of network-assisted interference suppression and cancellation (IS/IC) UE receivers in LTE. One of the main goals of the RAN4 WG is to identify reference receiver structures. In fact, even for a given receiver structure (e.g. MMSE) exact UE receiver algorithms implementations may significantly vary among different vendors. However, for the sake of analysis it is important to agree on the high-level principles of the studied reference receiver structures.

In this contribution we initiate discussion on the reference IS/IC UE receiver structures to be considered in the LTE NAICS studies. In particular, we share our views on the reference baseline and advanced IS/IC UE receivers in application to PDSCH and PDCCH/EPDCCH physical channels.
2. Receiver structures

In this section we describe different interference-aware receiver types that may be proposed for further studies. The considered receivers list is the starting point for the further discussion and additional receiver structures may be also investigated.
Linear MMSE-IRC receivers (LMMSE-IRC)
In LTE Rel. 8-10 the LMMSE-MRC receiver without interference suppression capabilities was assumed as the baseline receiver structure. From the UE demodulation performance perspective RAN4 tests were defined for interference-free AWGN environment and IS/IC capabilities were not verified. At the same time the LMMSE receivers may perform interference suppression and this aspect was studied in LTE Rel-11 “Enhanced performance requirement for LTE UE” SI and “Improved Minimum Performance Requirements for E-UTRA: Interference Rejection” WI. As the result of this work the enhanced LMMSE-IRC receiver structure and the related UE demodulation performance requirements for the inter-cell interference environment were defined. The LMMSE-IRC receiver uses information on the interfering transmissions in the form of the receive interference signals covariance matrix estimated using CRS or DMRS. No additional information from the network side is used. More details on the LMMSE-IRC receiver are provided in [2].
The LMMSE-IRC receivers provide improved performance comparing to the conventional LMMSE-MRC receivers in interference-limited scenarios. However, from the theoretical perspective LMMSE solution does not provide maximum diversity and enhanced receiver structures exploiting additional knowledge on the interference may provide further performance gains and should be studied in the LTE NAICS SI. Meanwhile, LMMSE-IRC should be considered as the baseline reference receiver solution (i.e. used for comparison purposes).
Proposal 1:
Consider the LMMSE-IRC receiver as the baseline reference IS/IC receiver.
Linear MMSE receivers (LMMSE-IC)
The baseline LMMSE-IRC receiver is based on estimation of interference signal covariance matrix. The scope of the LTE NAICS SI assumes that additional knowledge on the interference channel may be available at the UE side. If the interference channel estimate is available at the UE side the LMMSE receiver performance may be improved and joint detection of useful and interference spatial streams using LMMSE criterion may be applied (i.e. interference is treated as additional spatial stream). In case of perfect channel estimation the considered LMMSE-IC approach is equivalent to the LMMSE-IRC receiver described above. However, for practical channel estimation joint detection may provide additional gains, especially in frequency-selective channels.
Proposal 2:
Consider the LMMSE-IC receiver as a candidate advanced IS/IC receiver.
ML receivers (ML-IC)
Non-linear maximum-likelihood (ML) MIMO receivers allow achieving higher MIMO diversity order and improved performance comparing to the LMMSE solutions. The ML receivers may already be applied for receiver processing of multi-rank SU-MIMO transmissions to separate useful data spatial streams. However, ML application for interference may require additional network-assistance and hence should be further studied in the scope of the LTE NAICS SI. The main principle of ML interference cancellation (ML-IC) receiver is to perform joint detection of useful and interference signals in accordance to the ML criterion. This type of receiver makes use of interference channel and modulation symbols knowledge and performs search over candidate transmitted symbols and the respective receive signal hypothesis to separate useful and interference spatial streams.
The optimal ML detection is done via exhaustive search over all transmit signal candidates. The number of search hypothesis depends on the number considered useful and interference spatial streams (Nstreams) and constellation size (M). A simple algorithmic optimisation can be used to reduce the complexity of optimal ML search to 
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[3]. Furthermore, reduced complexity ML-IC receivers (e.g. based on sphere decoding) may offer good performance and should be also considered in the studies.
The ML-IC receiver requires knowledge of constellations for useful and interference signals. The modulation type for the useful signal is available as a part of the DL scheduling grant, while for interference signals it needs to be additionally signalled. With this regard, transparent UE receiver implementation is also possible and interference signal search across all constellations or modulation detection may be performed.
Proposal 3:
Consider the ML-IC receiver as a candidate advanced IS/IC receiver. Study ML algorithms with full and reduced complexity. Investigate algorithms with and without knowledge of interference signal modulation.
The ML-IC is applicable for PDSCH interference cancellation given the available information on the modulation scheme. Furthermore, ML-IC receivers are also feasible for interference suppression from PDCCH/EPDCCH. However, the PDCCH/EPDCCH interference structure is typically different comparing with the interference from PDSCH. The per-REs partial loading and power boosting within a PRB pair may be observed and therefore some extensions to the conventional ML-IC receiver are required. For example, for the network-assisted ML-IC, the UE may be informed on the power boosting values that may be used on interfering PDCCH/EPDCCH resources, so that ML-IC may take this into account during the optimal signal search. For transparent ML-IC receiver the corresponding power boosting can be also estimated. 
Proposal 4:
Study ML-IC receiver for interference suppression from PDCCH/EPDCCH, taking into account the PDCCH/EPDCCH interference structure that includes partial RE loading and power boosting.
SIC receivers
Successive interference cancellation (SIC) receivers are based on the iterative processing of interference and useful signals. In case of reliable knowledge of interference signals (e.g. successful decoding) it is possible to reconstruct the interference signal receive waveform and cancel it from the composite receive signal thus improving the detection of the useful signal.
In intra-cell inter-stream interference scenarios SIC-based receivers can be used to improve the detection for two codeword SU-MIMO transmissions without additional network assistance. In case if the respective transmission schemes are considered in the studies (e.g. mixed interference scenario), then SIC-based detection should be considered as a reference method. Another SIC-based receiver which is already possible in current LTE specification is the CRS-IC receiver. The basic idea behind this is to reconstruct and cancel the CRS interference from the neighbouring cells. Besides that, at current stage SIC receivers cannot be applied for inter-cell and intra-cell MU-MIMO interference cancellation due to lack of information required for interference signal reconstruction (e.g. PDSCH decoding) and this task needs to be studied in terms of LTE NAICS SI.
Different SIC-based architectures may exist and the approach may be applied to different basic receiver types. For instance, MMSE-SIC and ML-SIC receivers may be considered. For these receivers, the MMSE/ML detectors should perform joint detection of interference and useful signals and in case of successful interference decoding the reconstructed signal can be subtracted from the total receive signal at the next iteration. From the LTE NAICS SI perspective, the SIC receivers should be applied for PDSCH interference cancellation. For interference from control channels the use of SIC approaches is problematic due high complexity of PDCCH/EPDCCH interference decoding. The high-level illustration of the MMSE-SIC/ML-SIC receivers is provided in Figure 1 for the scenario of PDSCH useful and interference signals.
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Figure 1. MMSE-SIC/ML-SIC receiver structure.
Proposal 5:
Consider the MMSE-SIC and ML-SIC receivers as candidate advanced IS/IC receivers.

Iterative MAP-IC and MAP-SIC receivers 
Iterative MAP MIMO receivers are based on the turbo principles. The respective receiver architecture is based on the iterative processing and exchange of information on extrinsic LLRs between the soft-output MAP MIMO detector and inner CTC decoder thus reducing the error probability [4], [5].

The general principle of the iterative MAP interference cancellation (MAP-IC) receiver is similar to the considered ML-IC and relies on joint processing (joint detection and decoding) of useful and interference spatial streams. The general structure of iterative MAP-IC receiver is illustrated in Figure 2. The iterative MAP-SIC receiver is based on successive processing (joint detection and individual decoding) of different useful and interference spatial streams and additionally performs either hard or soft interference cancellation. In general, the iterative MAP-IC and MAP-SIC receiver may have high complexity, however implementations with different performance/complexity trade-offs may exist. So, further study on MAP-IC and MAP-SIC implementation options is required.
Similar to SIC receivers, MAP-IC and MAP-SIC receivers are considered in application to PDSCH interference cancellation.
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Figure 2. Iterative MAP-IC receiver structure.
Proposal 6:
Consider the iterative MAP-IC and MAP-SIC receivers as candidate advanced IS/IC receivers. Further study MAP-IC and MAP-SIC implementation options.

Interference pre-whitening

Assuming practical implementation and signalling constraints, the UE cannot obtain information and channel estimates on all interference sources. So advanced receivers considered above cannot cancel /suppress all interference signals and some residual interference may still exist. The LMMSE-IRC algorithm can be viewed as the interference-whitening algorithm and the same principles may be applied for other receiver types. So to improve the performance, additional residual interference pre-whitening may be applied along with enhanced receive algorithms processing.
Proposal 7:
Consider using additional residual interference pre-whitening along with advanced IS/IC receivers.

3. Interference signal knowledge assumptions
The considered IS/IC receivers have different assumptions on the interference signal knowledge and respectively may need different network-assisted information. Three general types of interference knowledge may be defined:
· Interference channel estimate;
· Interference signal constellation (modulation and power level);
· Information for interference signal reconstruction/decoding (e.g. physical signal RE mapping and decoding aiding).
The summary on high-level information on the interference which may be required for different IS/IC receivers is provided in Table 1.
Table 1. Interference signal knowledge for different receiver types.
	Receiver type
	Interference signal knowledge

	
	Channel estimate
	Modulation
	Reconstruction/Decoding

	MMSE-IRC
	Covariance matrix
	No
	No

	MMSE-IC
	Channel
	No
	No

	ML-IC
	Channel
	Optionally
	No

	MMSE-SIC / ML-SIC
	Channel
	Yes
	Yes

	MAP-IC / MAP-SIC
	Channel
	Yes
	Yes

	Interference whitening
	Covariance matrix
	No
	No


Based on the identified high-level interference information which is required for different IS/IC receivers further identification of required network-assisted information may be done depending on the considered useful and interference physical channels.

4. Conclusions

In this contribution we have provided our high level views on reference IS/IC UE receiver structures for LTE NAICS SI and make the following proposals:
Proposal 1:
Consider the LMMSE-IRC receiver as the baseline reference IS/IC receiver.

Proposal 2:
Consider the LMMSE-IC receiver as a candidate advanced IS/IC receiver.
Proposal 3:
Consider the ML-IC receiver as a candidate advanced IS/IC receiver. Study ML algorithms with full and reduced complexity. Investigate algorithms with and without knowledge of interference signal modulation.
Proposal 4:
Study ML-IC receiver for interference suppression from PDCCH/EPDCCH, taking into account the PDCCH/EPDCCH interference structure that includes partial RE loading and power boosting.
Proposal 5:
Consider the MMSE-SIC and ML-SIC receivers as candidate advanced IS/IC receivers.

Proposal 6:
Consider the iterative MAP-IC and MAP-SIC receivers as candidate advanced IS/IC receivers. Further study MAP-IC and MAP-SIC implementation options.
Proposal 7:
Consider using additional residual interference pre-whitening along with advanced IS/IC receivers.
References
[1] RP-130404, “Study on Network Assisted Interference Cancellation and Suppression for LTE”, MediaTek, Renesas Mobile Europe, Broadcom Corporation, RAN#56, March 2013
[2] 3GPP TR 36.829, “Enhanced performance requirement for  LTE User Equipment (UE)”, v11.1.0 (2012-12)
[3] Y. Lomnitz, D. Andelman, "Efficient maximum likelihood detector for MIMO systems with small number of streams," Electronics Letters, vol.43, no. 22, Oct. 25 2007.

[4] A. Paulraj, R. Nabar, and D. Gore, Introduction to Space-Time Wireless Communication, Cambridge University Press 2003.
[5] B. M. Hochwald and S. ten Brink, “Achieving Near-Capacity on a Multiple-Antenna Channel”, IEEE Transactions on Communications, vol. 51, no. 3, March 2003.
PAGE  
4/4

_1426492578.unknown

_1426492587.unknown

_1426242739.vsd
MIMO Detector
(MMSE/ML)


Interleaver RateMatcher


CTC Decoder


Channel /Interference /Noise  estimator


+


Reconstructed interference signal


DeInterleaver DeRateMatcher


Decoded bits


Input signal


Signal selection


Signal reconstruction



_1426242671.vsd
MAP MIMO Detector


Interleaver RateMatcher


CTC Decoder


Channel /Interference /Noise  estimator


Apriori information


DeInterleaver DeRateMatcher


Decoded bits


Input signal



